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1. Introduction

The demand for energy from renewable sources is rapidly increasing, due to both increasing energy
demand worldwide and an increasing need for this energy to be produced with low carbon emissions. To
transmit large power quantities from off — shore windfarms and remote solar power plants, HYDC
transmission grids is anticipated to increase in use due to higher efficiency at longer distances than HVAC
transmission. Self — commutated Voltage Source Converters (VSC) are increasingly used over current
sourced Line Commutated Converters (LCC) for the conversion between DC and AC due to superior
flexibility, independent active and reactive power control ability, black start capability and smaller
converter station foot — print. As the power handling capability of VSC’s increase, higher voltage levels
are often required to keep losses down. This is a big challenge for conventional two — and three — level
VSC due to series connection of power switches causing valve stresses, EMI problems and high harmonic
distortion in the output voltage. This increase the need of bulky and costly passive filters and high
switching frequencies to meet performance requirements [6].

The Modular Multilevel Converter (MMC) was proposed by Marquardt and Lesnicar in 2003 [7] and has
become one of the most attractive topology for voltage source converters, especially for medium/high —
voltage and power applications. Its modular design brings several advantages, including increased number
of output voltage levels, avoidance of series connection of the power switches in high — voltage
applications and the possibility of avoiding DC — link capacitors. This introduce high improvements in
the output voltage harmonic distortion, reducing the need for bulky and costly passive filters, and
introduce the possibility of keeping a low voltage level over the power switches, reducing EMI and
switching losses while increasing efficiency, longevity and redundancy. Furthermore, the topology shows
promising results handling faults like DC — link short circuit, by choosing a proper sub — module topology
[8, 9].

However, high number of submodules introduce high number of power switches and storage capacitors.
The increased component count introduce challenges with regards to reliability, lifetime and cost. The
dynamic characteristics introduced by unequal sharing of the DC — link voltage amongst the submodules
creates voltage ripples in the capacitors, which also is the origin of the circulating current. This inner
dynamic demand higher control efforts and special considerations, and have great impact on converter
performance, efficiency and reliability [6, 8].

In this thesis, mathematical descriptions of the MMC working principles, mechanism of the submodule
capacitor voltage ripples and how the circulating current is generated, with the control challenges arising
from this, are discussed. Focus is put on suppression of the circulating current by means of repetitive
control. The control algorithm is analyzed and simulated to verify performance, and implemented as
software on embedded processor and hardware logic on FPGA to look at execution time, resource use and
critical path estimations. The algorithm is compared to the more established control techniques
proportional resonant (PR) and proportional integral (PI) control.



1.2. Problem Description

Imbalances between the upper and lower arm voltages give rise to a current comprising mainly low, even
multiples of the fundamental frequency harmonic components. This current is termed circulating current
and circulate within each phase of the converter, not affecting the output voltage and current. If the
current is not properly controlled, it will increase peak and RMS values of the phase arm currents,
consequently increasing converter power losses and affecting life — time and reliability of power switches
and passive components. As the current is sinusoidal in nature and comprising several, low order
harmonics, this pose additional challenges of the selected control algorithms.

1.3. Objective and Outline of Thesis

This thesis aims to address the challenge of suppressing the circulating current. Principle of operation and
mathematical derivations, common control methods for inner dynamics and software/hardware algorithm
implementation is presented, with focus on the control algorithm repetitive control for suppression of the
circulating current. This algorithm utilizes the internal model principle for suppression of the periodic
circulating current. Algorithm derivation and stability is analyzed in the discrete time — domain and
performance confirmed with MATLAB Simulink®. Algorithms are investigated and discussed both for
sequential software implementation on embedded processor and as hardware logic implementation on
FPGA.

A model — based design approach is used in MATLAB Simulink® to define system requirements, create
the analyzed algorithms, simulate and verify the design, and automatically generate code for the system.
MATLAB Embedded Coder® is used to generate C/C++ code for embedded processor implementation,
while MATLAB HDL Coder® is used to generate synthesizable HDL code for IP core generation. The
third — party synthesis tool Xilinx Vivado Design Suite is used to interface the designed IP core into a
complete processing system and implement the IP core onto a FPGA. Processor — in — the Loop (PIL)
simulations is used to look at algorithm execution time in processor, while MATLAB and Vavado
generate reports on hardware logic resource utilization and critical path estimations.

Principle of operation and mathematical derivations of inner and outer dynamics are presented in Theory
of Operation. Derivations and analysis of control algorithms are presented in Control Techniques, while
their performance is investigated in Simulation. The model — based design approach for
hardware/software co — simulation, algorithm verification and implementation on SoC is presented in
Algorithm Implementation. A description of a hardware experimental platform for experimental
verification presented in Hardware Design and Laboratory Set Up.



Acronyms

ADC
APOD - PWM
ASIC
DAC
DFIIt
DSP
EMI
FPGA
HDL
HVAC
HVDC
IEEE

PWM
RMS
SoC
THD
VHDL
VSC

Analog to Digital Converter

Alternate Phase Opposition Disposition — PWM
Application Specific Integrated Circuit
Digital to Analog Converter

Direct Form Il transposed

Digital Signal Processing
Electromagnetic Interference

Field Programmable Gate Array
Hardware Description Language

High Voltage Alternate Current

High Voltage Direct Current

Institute of Electrical and Electronics Engineers
Integrated Circuit

Intellectual Property

Line Commutated Converter

Phase Disposition — PWM
Programmable Logic

Processing System

Pulse Width Modulation

Root Mean Square

System on Chip

Total Harmonic Distortion

Very high speed integrated circuit HDL

Voltage Source Converter



2. Theory of Operation

Figure 1 shows a three phase MMC. The converter consists of a number of phase legs coupled to the
equal number of phases on the AC — side. Each phase leg consists of an upper and lower arm, where each
arm consists of N submodules each. Each submodule can obtain several different topologies, where the
most common is the half — bridge topology due to the low number of switches resulting in lower power
losses and control complexity compared to other submodule topologies. However, the half — bridge does
not provide DC — fault handling capabilities, which is a major challenge with HYDC — MMC. This is
possible with a full — bridge topology, but since it increase the number of switches, it increase losses and
control complexity [8]. Other topologies, like clamp — double circuit, three — level converter circuit or
five — level cross — connected circuit are possible, and are reviewed in [8]. Further in this thesis, the half —
bridge submodule topology is considered.
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Figure 1- Electrical schematic of a three - phase MMC.



Each submodule capacitor C,, is loaded with the voltage v, (t) which is influenced by the current flowing

through that capacitor (upper arm current for the upper arm submodules and lower arm current for the
lower arm submodules). With the half — bridge topology considered here, each submodule can be toggled
between two states which is summarized in Table 1.

Vsm (t) Sl S2
v, (t) ON OFF
0 OFF ON

Table 1 - Submodule switching states.

When a submodule is inserted (S; ON) the upper or lower arm current flows through the capacitor,
influencing its voltage according the current flowing through the capacitor. When a submodule is
bypassed (S, OFF), the current flows through S, without influencing the capacitor, hence the capacitor
voltage remains constant. The N series connected submodule in each arm can be used as a discrete level
voltage source with the voltage step of v, (t).

2.1. Mathematical Model

The following paragraph gives a description of the mathematical equations governing the dynamic
behavior of the MMC, based on derivations in [9]. This is done to show the mechanisms behind the
submodule capacitor voltage ripples and how the circulating current is generated. The subscripts
describing the phase (a, b, ¢) are dropped and the AC — side phase current takes the subscript s.

By choosing at each instant the appropriate number of submodules to insert, the inserted voltages can be
varied as desired between zero and the sum capacitor voltage of the arm

= ul = uz,l (1)

Where v, , =0 when all submodules are bypassed and v, , =v;;, when all submodules are inserted. From
Figure 1, we have the AC —side current

i, =1, =1, (2)
The differential current i, of the converter is defined as the current flowing through each phase. This
current comprises of a DC — current component i, , which is the DC side current . divided equally
(ideally) amongst each phase, and a circulating current component i, a current component circulating
within each phase of the converter without affecting the output current i

i = o Fgire (3)

circ?

The mean values of the arm currents must add up to the DC — bus current for the DC — bus voltage V,. to
remain constant

Z':,l = io (4)

X
k=1



Which implies that unless i, =0, there will be a DC — component in the arm currents. Under balanced AC

— side conditions, i.e. when the phase voltages and currents have identical, but time shifted waveforms,
this DC — component is given by

u | diff X ( )
To keep the RMS current, and hence power losses and component strain, to a minimum, it is desired that
the differential current iy, is pure DC, i.e. that the circulating current i . is zero. The upper (subscript u)

circ
and the lower (subscript I) currents are defined as
. i

iu = Lyt +2
2
. ©®)
il = idiff -2
The dynamic relations of the voltages of the upper and lower arms of one phase can be expressed by
applying Kirchhoff’s voltage law as
\@—vu -Ri, - L(:j—'t“:va
V, di ()
——2€ 4y, +Rij+L—L=v,
2 dt
This gives the dynamic relationship between the output phase current and the controllable voltages as
L%:_—vquv, _Va_Eis (8)
2 dt 2 2
V.
and the dynamic relations between the circulating current and the controllable voltages as
dige V. VvV +v, .
L— =0 o I_Rldiﬁ )

dt 2 2
%/_/

Ve

The voltage v, is seen to be driving the output current i, while the voltage v, can be seen to be driving
the circulating current. For iy, to be pure DC (as desired), the converter must be controlled in such a way

that

V, =Vpe / 2= Rigy =®Vpe /2 (10)
This give L(didiff /dt) =0, hence no voltage over the arm inductor capable of inducing time — varying
circulating current.

With the definitions of v, and Vv, in equation (8) and (9), the maximum output voltage is obtained by
bypassing all submodules in the upper arm and inserting all submodules in the lower arm

v =0 VZ
’ Z}—w;“ﬁ*:i (11)
Vv, =Vy 2



The minimum output voltage obtained by the opposite operation, by inserting all submodules in the upper
arm and bypassing all submodules in the lower arm

Vu :VCZI min __ng
-S>V =——= (12)
v, =0 2

To further obtain a dynamic model of the MMC of relative simplicity, [8] use an averaging principle. The
inserted submodules can be expressed as

N N
_ i i
Vu,I - Znu,lvc,u,l ~ Z nu,l
i=1 i=1

is the common value of the sum — capacitor voltages, which should be controlled to

Vi Ve
c,u, — c,u, nll‘I (13)
N N le !

Where v*

cu,l

VZ, =Voe (14)

cu,l

for (10) to be achieved, and vfyuy, I'N is the approximated average value of the individual submodule
capacitor voltages, which then ideally should be charged to

VZ

i c,u,l VDC
Vo= Yewl _ 15
cu,l N N ( )

Mean values in (14) and (15) is used. Since, when inserting a submodule, each capacitor will be charged

with the instantaneous current in the arm where it is placed, a ripple will appear in the capacitor voltage.

The ripple of each submodule capacitor adds up, creating a sum — capacitor ripple of the arm, hence only
the mean value in (14) and (15) can equal V. and V. / N .

The approximation of (13) depends on making the submodule balancing (described in 3.4. Submodule
Capacitor Voltage Sorting) accurate enough to allow individual voltage differences between the capacitor

voltages to be neglected. n;, is the submodule insertion indexes, which only can attain two discrete
values: nLi.J =0 implies that the ith submodule in the upper/lower arm is bypassed, whereas nf,y, =1

means that the submodule is inserted. The upper and lower arm voltages (V, and Vv, ) can then further be
written by approximating a continuous value of the per — arm insertion indexes as

1& .

Ny, ZWZ”LJ >V = nu,lvcz,u,l (16)
i=1

The insertion indexes can obtain N +1 discrete values: 0, 1/ N, 2/N, ..., 1, where n,, =0 corresponds to

all submodule in either upper (u) or lower () arm are bypassed, and n,, =1 corresponds to all inserted. It

is further assumed that the number of submodules N is high enough to allow approximating the insertion
indexes as continuous on [0,1] . This assumption together with the approximation in (13) forms the basis

for the average model of the MMC. (8) and (9) can now be written as the average dynamic model for the
currents

. > 2
-nv.:, +nVv
Ldi, Ve, Ve, Ry (17)
2 dt 2 2
—_—



dige Voo NVE+NVE
—dff _Toc  _uew Aol Rj 18
dt 2 2 diff ( )

[ —
Ve

The average model infers that the switching dynamics of the MMC is disregarded. The discrete switching
will add harmonics content in the output voltage and in the currents of the converter, depending on the
switching frequency and the specific modulation strategy.

The averaging principle can further be applied to the dynamics of the capacitor voltages. With the only
approximation of regarding n,, as continuous on [0,1], the governing equations for each submodule

capacitor can be written as

dv«i,u,l i
Csm T = rlu,Ilu,I (19)
Summing all the capacitor voltages yields
N dVé u - [ : . i
Csm dt - = Z nu,Ilu,I = Iu,I Z r]u,l (20)
i=1 i=1 i=1
dvz, /dt Ny
Which can be simplified to
Csm dVCZ,U,l H
N Nyih (21)

Expressing the upper and lower arm currents with the phase output current and the differential current
yields

[
E+Idiﬁj

Csm dvcz.l is H
Noa g

(22)

Appropriate selection of the insertion indexes N, and n, is important to properly design control and
modulation system of the MMC. Reference generation of v. and v_ are generally set up by the output

and circulating current controllers. Using the expressions for v, in (17) and v, in (18) and substituting
them with their references, the insertion indexes can be written in terms of the two reference voltages as

v, -V,
nu — C S S
VC,U
o (23)
V. +V
n| — C S S
Vc,l
Further, the voltage references are given as
* _\ﬁ_ i N\@ *_\) S _
v, = Ri v, =V cos(wpt), i =1scos(mt—gp) (24)

c 2 difft ~ 2 s



Since both the insertion index and the upper and lower arm currents are periodic with the fundamental
frequency, the product of them (right hand side of (21)) produce ripples in the sum — capacitor voltages.
This can be quantified by integrating (21) scaled by N /C_, hence the ripples become inversely

proportional to C, .

2.2.1. Analytical Derivation of the Steady State Sum-Capacitor Voltage Ripple

Inserting the expressions of the insertion indexes from (24) into (22) yields the following expressions

C dVZ V* — V* i C dV2 * NA
sm cu c s s H 2z sm cu s H
—sm =_C s _+|diff SV __(Vc _Vs) E_|_|diff

N dt vy, o\ 2 N dt
S : (25)
Con Moy _ Ve 1Y, (—i—s+i j—)VZ Cop Ve _ (v* +v*) —ii+i
N dt ch’l 2 diff cl N dt c S 2 diff
By noting that
d(vZ)? dv>
1 ( C,l) :Vfl C,l (26)
2 dt Todt
and
C
ZSNm (v =W,, (27)
(25) can be rearranged as
dw PN .
L=(v, -V =+
dt ( c S )[ 2 diff J
. (28)
%_(V*-FV*) b
dt c S 2 diff
Introducing the per phase and imbalance energies as W, =W, +W, and W, =W, —W,, the following
relations can be made
W, Vi — Vil
dt (29)
aw, _ Vi, — 2V
dt c's s "diff
Given the ideal values in (24), (29) can be written as
% =Vocli _VS , Cos @, —— e cos(2apt — @)
dw,

. V—D; ! cos(@st — ) = NV, COS(yt)



The term —(\7S fs /2)c05¢0 equals the mean active power input per phase, i.e. —P / x. In order for the

mean value of W, to be constant in steady state, the relation Vg i —(\7S I,/ 2)cos @, must equal zero to

avoid an increase or decrease in the mean arm energy. With the ideal constraint of the differential current
consisting of a pure DC current equal to iy, = 1,c / X, giving iy, =(P/xV, ). The AC output power

must equal the DC input power if the losses are neglected. The other terms of (30) are of zero mean.
Integration of (30) yields

A A

Vil .
W, =W, — 45603 sin(2ayt — ;)

0

e (31)
2Vs Idiff

W, =W,, +VDC E sin(w,t —@,) — sin(w,t)
2w, @,

AW,

Where the integration constants W, and W,, are the mean values. (31) shows the total leg energy ripple
to be of twice the fundamental frequency, while the imbalance leg energy is of the fundamental
frequency. As the average value of v, =V, , the stored energy per arm is normally

Csm 2
on Voe) (32)

The total leg energy is twice this value and its balanced among the arms, giving

™
o
=z

(33)
W,, =0

The sum — capacitor voltages can further be obtained by using the sum and difference energy as

2N N N
ch,u :\/C_Wu :\/C_(WZO +AWZ +AWA):\/\/[§C +C—(sz +AWA)
- il (34)

2N N N
A =\/C—W, =\/C—(WZO+AWZ—AWA) =\/\/D2C +C—(AWZ—AWA)

sm sm sm

Generally, the capacitor voltage ripples are much smaller than the mean value V., hence the following
approximation can be made

N

V2, =Voe J1+ 2L(AWZ + AW, ) * Ve +C—(sz +AW, )
DC “~sm sm " DC
AVE, (35)
N N
VCZ,I :VDC \/1+ W(AWZ —AWA) zVDC +2C:—V(AWZ _AWA)
DC ~sm sm* DC
AV

10



From (35), the following observation can be made
1.1. The amplitude of the sum — capacitor voltage ripples are inversely proportional to C_, .
1.2. The ripples consist of two components in both arms
i) One component of the fundamental frequency @, (resulting from W, , eg. (31))
i) One component of twice the fundamental frequency 2w, (resulting from Wy, eq. (31))

1.3. The twice — the fundamental frequency components of the upper and lower arms are in phase,
whereas the fundamental — frequency components are 180" phase shifted.

By adding and subtracting the upper and lower sum — capacitor voltages of (35), we obtain

A A

N N . .
Vo =V, +Vo & Vpe + ——— AW, & 2V — —==sin(w,t — ¢,)
sm¥be sm¥pc 4 (36)
[ Vi,
Vv=vE, v e aw, N[ Yook Gt gy - 25 G
' " CaVie CanVoc 12 @,

(36) can be used to accurately predict the leg voltages. Further, from (36) and (31) the specific arm
voltage ripples can be written as

N AR Vo, . Nigy
AVCE’U :ZC:—V[— 5 8 Sln(za)ot—¢O)+%Sln(a)ot_¢0)_ ait Sln(a)o'[)}
sm " DC

ivg) , @,
0 0 A 0 (37)
N VI, . Vool AVAIPR
AV = ———| —=S3inRat — @) — —2X—=sin(a,t — @,) + ——sin(w,t
ol chmVDc( ho, apt—,) 200, (5t — ) o (@5t)
Summing the expressions for the upper and lower capacitor voltage ripple yields
NVls
AVE =AVE + AV, =——————sin(2a, — 38
c cu c,l 4a)0C5mVDC ( 0 ¢O) ( )

The 180° out — of — phase fundamental frequency voltage ripple components cancel each other out,

whereas the 180" in — phase twice — the — fundamental frequency voltage ripple components adds up,
resulting in a negative sequence, double fundamental frequency voltage component.

The insertion indexes n,, will not be purely sinusoidal and continuous on [0,1] as assumed in the

previous derivations. Dependent on the specific modulation strategy, the insertion indexes will generate
harmonic content in the output voltage and currents of the converter due to the discrete switching.

11



2.2. The Circulating Current

The differential current is responsible for transferring energy into and out of the arms. Looking at Figure

1, the voltage balance within one phase can be written as

di, d|
n,v= +nv  +L +R(i, +1i, )=V
ucu ( dt dt j ( | ) DC
By inserting (6) in (39), the following expression for the differential current is obtained

d(ige +i,/2) d(ige —1s/2
vz, + NV +L{ (dﬁd: )+ (dﬂdt )]+R((Id|ﬁ +I /2) (dlff '/2)) pc

=V,

diff

ddlff
n,vZ, + NV +2L +2Ri be
dt

With the differential current consisting of a DC — component and an AC — component, the dynamic
expression governing the circulating current can be expressed as

NV, + NV +2LW + 2R iy +igre ) = Ve

diy
dt
d Cer H
2Lk 2R, =Vpo —(N,VE, +NVE ) - (2Riy)
With the voltage drop 2Ri, generally being way smaller than the DC - link voltage, (41) can be
approximated to

dCII’C
2L —2= pm +2Ri . =Vpe (nv +nVv; ) Vi

circ uc,u

(39)

(40)

(41)

(42)

With the Laplace — transform, (42) can be transformed from the time — domain to the frequency domain,

yielding simpler system analysis.

circ u-c,u circ circ u-cu
|
2V,

oL Qe | opi =V,e (nv +nV )—‘>2Lsi. +2Ri,,, =Vpe (nv +nv)
dt

With the impedance plant of circulating current written as

G, ()=t =t 1
P 2R+2Ls 2R|14Ts

T, ==
R

p

12
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In the upper and lower arms respectively, the ripples consist of components of even multiples of the
fundamental frequency in phase and components of odd multiples of the fundamental frequency 180
degrees out of phase. Adding the upper and lower arm voltages results in cancellation of the odd
frequency multiples and addition of the even. As seen from (42), the voltage inducing the circulating
current arise from the difference between the DC — link voltage and sum of the number of instantaneous

inserted submodules in the upper and lower arm V. —(n v, + n,vczyI ) =V, . Assuming the switching

u'c,u
frequency to be infinite (i.e. insertion indexes continuous on [0,1] ) and the DC — link voltage constant,
the circulating current will contain low order harmonics of even order, with the amplitude after the
second order component rapidly decreasing [10]. With the approximation given in (36), the total leg
voltage consists of its DC — component which equals twice the total DC — link voltage and a component
oscillating at double fundamental frequency. This approximation holds if the ripples are much smaller
than the mean capacitor voltage value V..

Furthermore, the discrete nature of the insertion indexes will generate high order frequency components
in v, and hence the circulating current. These higher order harmonics are strictly dependent on the

specific modulation strategy used. For sine — triangular PWM modulation schemes, level shifted schemes
generate harmonics in the circulating current dependent on whether they are classified as N +1 or

2N +1 modulation scheme, referring to the number of voltage levels in the output voltage, see chapter
MMC Modulation Techniques for further explanation. The circulating current contains both lower order
harmonics due to voltage variations in the sum — capacitor voltage in the leg and higher order harmonics
due to the specific modulation strategy used.

13



2.3.  MMC Modulation Technigues

There are several modulation techniques available for multilevel converter topologies. The most common

modulation schemes can be summarized in Figure 2.

The goal of modulating the MMC is
to insert the correct number of
submodules at each time instant to
provide the voltage required for the
operation of the converter. As the
MMC is a switching voltage source
converter, it cannot provide a
continuous output, instead the
output can only obtain discrete
levels. The switching instances
should be chosen such that the short
—term average of the AC —side
voltage coincides with the reference
signal over a switching cycle. In
addition to the desired low —
frequency reference voltage, the
switching process also generate
high — order harmonics, which are
undesirable. The frequency range
and amplitude of these higher order
harmonics are dependent on the
specific modulation strategy.
Furthermore, the specific
modulation strategy will have
different impacts on the capacitor
voltage ripples and the circulating
current [11, 12].

Multi — Level
Maodulation
Technigues

Low Switching
Frequency
Technigues

High Switching
Frequency
Technigues

Hybrid Techniques

Selective Harmonic

Elimination (SHE)

Nearest Level
Control (NLC)

Sine —Triangular
PWM

Space Vector PWM

Phase Shifted
Carrier PWM

Phase Disposition
PWM

Phase Opposition
Disposition PWM

Altarnate Phase
Opposition
Disposition PWM

Figure 2 - Most common MMC modulation techniques.

In medium voltage — applications, such as medium voltage motor drives and MMC — STATCOM, the

number of submodules N is usually relatively low. Sine — Triangular Pulse — Width — Modulation (PWM)
is commonly applied to obtain good enough output voltage waveform with low THD. On the other hand,
PWM methods occupy larger hardware resources, require more processing power and will produce higher
switching losses than low — switching frequency methods such as SHE or NLC. For high voltage
applications, where the number of submodules are high (often in the order of hundreds), a low switching
frequency modulation method should be used to reduce the switching losses and reduce the
implementation complexity, which increase with the number of submodules which needs to be
controlled[13].

There are several ways of adapting carrier — based modulation techniques, where a triangular carrier is
compared with the sinusoidal reference, to multilevel converter structures. The methods are based on
splitting the multilevel waveform into a sum of a number of two — level PWM waveforms, each with its
own carrier, while using a single reference voltage. Depending on how the carriers and reference are
arranged, different methods have been developed, where there are mainly two categories which are
commonly used: Phase — Shifted Carriers and Level — Shifted Carriers [9].

14



In this thesis, a medium voltage and power MMC is considered. The resulting voltage level over each
submodule switch will be kept at a relatively low level, as well as the current flowing through them. The
generated power in the semiconductor switch due to switching activity is proportional to the switching
frequency and the voltage over and current through the device at the switching instant. The low voltage
and current level enables a higher switching frequency without reaching power loss and heating limits.
Furthermore, the number of submodules are kept relatively low, such that the computational complexity
will be kept low with the control system used. These factors enable the use of high — frequency PWM
modulation.

2.3.1. Phase — Disposition PWM

This modulation technique is used in the simulations of this thesis. In this technique, the carriers are laid
on top of each other, level shifted by V. / N, dividing the available direct voltage range between them.

For a converter that can provide N+1 equidistant levels, N carriers corresponding to the same number of
two — level waveforms are required. All carriers have the same frequency, amplitude and phase and are
compared to a common reference voltage

= VZC (1-M cos(wyt)) (45)

V= VLZC(LL M cos(a,t)) (46)

With the upper arm voltage reference generating switching pulses for the upper arm submodules, and the
lower arm voltage reference generating switching pulses for the lower arm submodules. In Figure 3, the
upper arm voltage reference (45) is compared with the triangular carriers and the upper arm switch pulse

generation is shown. A similar figure will be the case for the lower arm, only with a 180" phase shifted
reference waveform.

Two other commonly used level — shifted modulation techniques are

- Phase Opposition Disposition (POD) — PWM: Carriers above zero level are 7 rad phase shifted
with respect to those below zero.

- Alternate Phase Opposition Disposition — PWM: Altering phase shifts of zero and 7 rad are used so
that adjacent carriers will be in anti — phase.

15
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Figure 3 - Phase Disposition PWM for N=5.

2.3.1.1. Harmonic Generation with PD — PWM

The harmonic content of the pulse pattern can be analytically analyzed with the Fourier Series Expansion.
One method treats the periodicity of the carrier and reference signals separately, where the total
modulated signal is considered a function of the running phase angles w,t (corresponding to the reference
signal) and .t (corresponding to the carrier signal). The modulated signal will thus be a two —
dimensional function f (x,y), where

X =yt + 6,

47
y=aot+0, 47)

The modulated signal is thus periodic in both x and y with a period of 27z rad. The signal can be expanded
into a double Fourier series expansion written as

f(xy)= 2 2 Cpe'™™ (48)
With the Fourier coefficients given as the double integral
_ 1 77 — j(mx+ny)
Cmn_4”2£:[f(x, y)e dxdy (49)

With this analysis, analytical expression of the harmonic content of the modulated waveform can be
obtained [9, 14]
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[14] derives the harmonic contents of the phase and line — voltages for different multilevel PWM
strategies, based on the double Fourier series mythology. The derived equations for the harmonic content
of the phase voltage is given in Appendix for a five — level inverter modulated with PD — PWM. Even
sideband harmonics (2n) will be present around odd carrier frequency groups (2m-1) and odd sideband
harmonics (2n-1) present around even carrier frequency groups (2m).

For the circulating current, harmonic expression for the arm voltages is given in [12, 15]. With the arm
voltages inserted into (42), the harmonic expression for v, and hence i, derived, giving the following

conclusions for APOD — and PD — PWM can be made

17

PD — PWM is classified as 2N +1. The number of inserted submodules in each phase is not always
equal to N as is the case for APOD. Whenever n, +n, = N £1, an additional intermediate voltage level

V. /2N will be generated in the output voltage. The voltage across the arm inductors will be

increased during the instants when N +1 or N —1 submodules are inserted into the phase. Circulating
current will be induced at these time instances, hence PD — PWM will generate circulating current
containing high order harmonics. PD — PWM will, however, have better THD performance in output
voltage due to higher number of voltage levels[12].

APOD - PWM is classified as N +1. n, +n, will always equal to N, resulting in the right —hand
term of (42) equaling zero. This modulation technique results in complete harmonic cancelation
between upper and lower arm voltage, hence the circulating current will be relatively free of high
order harmonics caused by the PWM modulation. N +1 voltage levels can be generated in the
output voltage[12].



3. Control Techniques

The inner dynamics, i.e. the circulating current and submodule capacitor voltages, should be controlled in
order to operate the MMC in a satisfying manner. The focus will be on suppressing the circulating current
with repetitive control and compare the performance! of this technique with other, common control
techniques through simulations in Simulink. An algorithm for balancing the submodule capacitor voltages
is also presented.

3.1. Discrete Modelling

A digital processing system is used to control the MMC. Since digital processing systems operate on
discrete, quantized data, all control structures are simulated and implemented in the discrete z — domain in
MATLAB Simulink. This allows for capturing effects of the sampling process imposed by the digital
control structure and directly transform control algorithms into implementable code for both software and
hardware?. The equivalent system representation can be viewed as in Figure 4.

.. Analog
Digital =

(k) ek ulk) uft) (0

Control » PWM Plant

Y

A 4

ADC

A

Figure 4 - System overview block diagram.

Tuning parameters for the nominal PI controller used in combination with the repetitive controller and the
PR controller used in comparison with the repetitive controller, are analyzed in the continuous frequency
(using the variable s (=jw)) domain. To capture the effects of sampling time on total system stability and
performance, and allow for code generation and implementation, the controller structures are transformed
into discrete frequency domain. The plant, which the digital processing system controls, is also
discretized such that the plant can be included in the discrete time analysis of the controller structures.

! performance meaning steady — state error, overshoot and settling time.
2 Special care must be taken when algorithms are to be implemented on hardware such as FPGA: the Simulink
model representation of the algorithm must be HDL — compatible.
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3.1.1. Analog to Digital Conversion (ADC)

The continuous time signals from analog systems needs to be sampled and quantized before a binary
computer system can use the values, a process performed by an analog to digital converter (ADC). At
every time — instant k, the analog waveform is multiplied with the impulse function (Dirac delta function

5('[)), forming an impulse train with the magnitude given by the value of the analog waveform at
sampling instant k.

ie ()5 (t—KkT) (50)

The value is then held over the sampling time period T, a process termed zero — order hold (ZOH). The
ZOH is implemented physically as a Track and Hold (T/H)? circuit (also termed Sample and Hold (S/H)),
as seen in Figure 5. The circuit is in track mode, where it tracks the input signal, when the switch is
closed. When the switch opens, the
last instantaneous value of the input
is held over the capacitor C,, , -

Held Value

This can be seen as the T/H Switch o
amplifier after the anti — aliasing low ... -
— pass filter in the functional block iy + =

diagram of the AD7606 ADC of o —
Figure 89 used for voltage =
measurement in the hardware design. s|H [s|H]s

Control Gate Signals

The held value is then quantized into T
a binary number with word —
length dependent on the specific
ADC.

Figure 5 - Analog T/H circuit.

To avoid anti — aliasing , the analog, measured input signal must be low — pass filtered through an anti —
aliasing filter*[16] to restrict the bandwidth of the signal to satisfy the sampling theorem over the
frequency band of interest. This is implemented within the analog circuitry of the voltage measurement
(see Sheet 6 Eagle schematics in Appendix) and as an integrated filter in AD7606. For 5 [V] input

range, the filter bandwidth (-3 [dB] frequency) is typically at 15 [kHz] (refer to [3] for details).

Furthermore, the sampled signal e (kT ) contains both the frequency components of the continuous time
signal e(t) and high — frequency complementary components resulting from the sampling process. In order

to accurately reconstruct the continuous time — signal from the sampled data, these high — frequency
components must also be removed, as they may adversely affect the system characteristics [17].

3 The hold capacitor takes time to charge/discharge. This is the track or sample time which is needed to obtain the
correct input value.

4 Nyquist sampling theorem states that a band — limited, analog signal that has been sampled, can perfectly be recon-
structed from an infinite sequence of samples if the sampling frequency exceeds the double of the highest frequency
in the original signal. Thus, an anti — aliasing filter is used to satisfy this theorem by limiting the signal bandwidth
for the given sampling frequency.
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Figure 6 - Analog to quantized, discrete binary signal conversion process.

The quantization leads to error in the digital output dependent on the bit — resolution of the ADC. With
samples coded with 12 bits or more (12 — bit resolution), allows one to consider the quantization effects
as neglectable [18]. With the 16 — bit AD7606 ADC, the quantization error can thus be neglected.

3.1.2. Digital to Analog Conversion (DAC)

The pulse — width modulation can be viewed as the digital to analog (DAC) conversion process. Whether
the PWM is implemented as hardware logic on FPGA® or in software on processor, the high/low output
gate signals resulting from the PWM must be held at its required value during the required switch on —
time. For PWM implemented on FPGA, this is accomplished with D — latch logic synchronized with the
clock of the FPGA, which can be viewed as ZOH.

3.1.3. Continuous to Discrete Conversion

To represent continuous systems as discrete, a conversion process must take place. Several methods may
be used to achieve discrete system representation, that is converting continuous — time signal to discrete —
time signal. Methods supported by MATLAB built in function c2d include ZOH, First — Order Hold
(FOH), Impulse — Invariant Mapping, Tustin Approximation and Zero — Pole Matching Equivalent. ZOH
and Tustin approximation will further be used in this thesis.

® This has advantages in applications like MMC which contains high number of power switches. Complex modula-
tion logic resulting from multilevel modulation techniques is required to be parallelly handled to obtain precise and
fast handling of gate signals.
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3.1.3.1. Zero- Order Hold

ZOH converts the input impulse sample train to a rectangular wave, equal to the sample time difference of
two unit — step functions [17]

Ozon (t)=u(t)-ut-T) (51)

The transfer function representing the ZOH can be obtained by taking the Laplace transform of (51),
yielding
1_ e—ST

GZOH (S) = (52)

The equivalent discrete transfer functions of the continuous — time transfer functions are represented in
the z — domain. With the substitution

A ST
2= (53)
Z—l é e—sT
The z — transform of the continuous transfer function is written as
Z(G(s)) Ze(kT)z’k (54)

By utilizing the zero — order — hold method, the relationship between the continuous and discrete time
domains becomes

G(2)=(1-21)Z (G(S)j (55)
Using ZOH as the discretization method yields the use of the relationship of (55).

3.1.3.2. Tustin —transform

The Tustin — transform (also referred to as Bilinear transform) gives the best frequency domain match
between continuous and discretized systems. If the system to be discretized also contains important
dynamics at a specific frequency which the discretization must preserve, as resonant filters do, the
prewarped Tustin method gives exact matching at the prewarped frequency. The Tustin transform
performs the following relationship between discrete domain and frequency domain

s>zt (56)
Tz+1
and for prewarped Tustin yields
N e z2-1 (57)

(ha)T) z+1
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T is the numerical integration time step of the trapezoidal rule, which is used in the Tustin — transform
derivation.

Both ZOH and Tustin approximation introduce inaccuracies from the conversion process due to the
sampling time. However, when the sampling period T is set small enough, which it is assumed done in
this thesis, the error between continuous and discrete domains can be neglected.

Tustin — transform is used to discretize the PR controller, while ZOH is used for all other discretization
methods in this thesis. The design and analysis of the repetitive control is done directly in the discrete z
domain, hence no transformation method is used®.

3.1.4. Selection of sampling time

The modulator is implemented on a digital processor, and regular sampling is thus utilized. Regular
sampled schemes are further classified into symmetrical and asymmetrical PWM, based on the symmetry
of the generated semiconductor switching signals. The choice of modulator is dependent on the converter
topology, maximum allowed switching losses, harmonic performance due to power switching transition
and execution time of control algorithms. Choice of modulation method, switching frequency, control
algorithm, software/hardware implementation and control platform is a compromise between
performance and cost.

The system used in this thesis will utilize Asymmetrical PWM With Sampling at the Start and in the
Middle of Each Carrier Period (a-PWM- double). The modulation function (reference voltage) is
updated twice per carrier signal period, once at the beginning and once in the middle of the carrier period.
For a— PWM — double, the carrier signal period time T, is thus doubled in relation to the sampling time

period T, . This leads to an overall dead — time or delay T, introduced by the sampling, calculation and
PWM update routines of [19]

T, = T? -7, (58)

With a carrier frequency of f_ the sampling time becomes T, =1/(2f,). The calculation time available
for processing the control algorithm and updating the modulation function will then be T, =1/(2f,) for

a— PWM — double. A further consideration when choosing the sampling time is that discretized
algorithms can only handle frequency components below the Nyquist frequency o =w, / 2=z /T,

The selection of sampling time should be viewed in the light of the complete system. Performance
requirements with regards to switching frequency must be viewed against the required control algorithm
execution time. It is a design compromise between high switching frequency yielding low allowable
calculation time and sophisticated and complex control algorithm which may require long execution time.

8 That is for the internal model and the accompanying filter Q(z). See Internal Model Principle.
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3.2. System Delays

Delays in the control system may cause instability if not accounted for, and should be incorporated into
control paths when analyzing and designing the control system. Delays may be caused by factors like
signal transmission delays, propagation delays in IC, sensing delays etc. For the system used in this
thesis, the following paragraphs describes factors which may cause delay and how they may be accounted
for in analysis. The delays are based on the hardware platform design described in Hardware Designh and
Laboratory Set Up.

1. Feedback time delay T,,;

i) Transducer delay. The current measurement transducer used for this hardware platform
design is the LEM LA —55P. The reaction time is t,, <500 [ns] and the step response time

to reach 90% of the measured primary current is t, <1 [xs], giving the total worst — case
time delay introduced by the current measurement t,, =1.5 [us].

i) ADC delay. The ADC used is the AD7606. The delay introduced by this IC depends on how
it is operated:

Digital Interface mode. The AD7606 provides serial, parallel or parallel byte interface
possibilities, each resulting in different cycle delay. Reading data during or after the
conversion process also yields different delays. Serial interfacing with data read after
conversion yields the cycle delay tg; =9.4 [us].
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Oversampling mode with digital MAF’. No oversampling yields a maximum conversion
delay of t,, =4.15 [us], while the maximum oversampling ratio of N =64 yields a
conversion delay of t,,.s =315 [us]. As seen, there are great differences in conversion time
depending on the oversampling mode.

Group delay of input anti — aliasing filter is t; =15 [us].

There is a compromise between high SNR performance, and low throughput time and
frequency range of input signal, which should be analyzed with the total system in mind.

For further analysis, serial data read after conversion and no oversampling modes are
assumed. The total delay from the AD7606 at these settings yields

taoe =tsr +1tos +1c =28.55 [1s] . As these are selectable mode options which easily is
changeable through bit command signals, different options should be explored while
performing experiments to yield best performance.

iii) Signal conditioning and other analog circuitry. All IC units provides some delay. The
isolation op —amp ACPL - 7900 yields a propagation delay (90% input to 90% output) of
maximum t,.,, =3.3 [us]. The op —amp LM358D provides a slew — rate of SR=0.3 [V/us],

yielding neglectable distortion for the signals of this application.

These delays summed gives the approximated total input time delay
T,p =2855+3.3=31.85~30 [us].

2. Controller output time delay Ty, ,

i) The digital to analog conversion is performed by the PWM, taking digital controller gate
signals and providing analog gate signals to the power switches. As discussed in Selection of
sampling time chapter, the worst-case delay imposed by the modulation — method (a — PWM
— double) before the converter can act on a change in the reference voltage is modelled as
half of the switching period.

i) Gate driver IC used is the HCPL — 316J. It provides input pulse to high/low level output
propagation delay of t., =0.5 [xs]. This is neglectable compared to the modelled PWM

delay at the given PWM sampling frequency.

The digital to analog delay is thus approximated to be the worst — case delay posed by the PWM,
Ton=T,.

The delay in the ADuM7640 digital isolator is in the ns range and is neglected. Other IC delays and
intrinsic circuit delay is assumed low enough to be neglected. For further details regarding the properties
of the used ICs, refer to the data sheets

" Moving Average Filter, used to improve Signal — to — Noise (SNR) ratio. Dependent on the chosen oversampling
ratio, the filter takes a number of samples N and averaging them to yield a better accuracy of the read input value.
With an oversampling ratio of N=64, 64 samples are averages per conversion. High oversampling rates yields good
accuracy, but require the ratio multiple higher conversion time. With no oversampling, the maximum throughput
rate is 200 kSPS (kilo samples per second), while maximum oversampling rate of 64 yields 3.125 kSPS for all 8
channels. The SNR further depends on the number of quantization levels in the conversion process: more levels
yields smaller quantization noise. The AD7606 use 16 — bit successive approximation conversion. The digital filter
profiles caused by the MAF and further details regarding the AD7606, refer to data sheet.
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When using open — loop transfer function for tuning gain parameters in systems with delays in the
feedback path, the open — loop is broken after the feedback delay [20]. This is done to include the effect
of the feedback transfer function while using the open — loop for tuning. The Laplace transform of a time
— domain function delayed with the time unit T, is

f(t=Ty)u(t-T,)«=>e "F(s) (59)

Writing the D/A delay as the transfer function G, (s)=e"*™* and the A/D delay as H, (s)=e"™*, a
general system representation is as in Figure 8.

r(s) + L e(s) S | V(s)
—)Q—E—) GC(S) —E—) Gd (s) —> Gp(s) >
Ople;;e_ai?()p_).; ] i Controller i
Hy(s) %
Figure 8 - Block diagram of a system including time delays.
The open — loop indicated by the break point in is written as
Gy (s)=G,(5)G, (5)G, (s)H, (5) =G, (5)G, (s)e ™) =G_(5)G, (s)e " (60)

With T, =T, + T, being the total system delay. By including the feedback delay in the open — loop as
in (60) would give the equivalent closed — loop transfer function

G, () G, (s)G,(s)e™™

= = 61
1) =16, (5) 156,(5)G, (s) ™ (D
Which would deviate from the actual closed — loop transfer function G (s)
G, (s)G,(s)e™™ . g 4
O Ee (6, (e - =S M (9) g

Thus, the open — loop tuning with the transfer function in (60) assumes the closed — loop transfer function
of (61), which yields some difference in phase due to the delay of the feedback path® compared to the
actual closed — loop transfer function of (62).

8 If there are transfer function with other characteristics than pure phase as e’ present in the feedback, for example
if an approximation as in (63) is used, differences are seen in the magnitude as well.
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As the delay of (59) is irrational and cannot be expressed as a ratio of polynomials®, including such delay
yields a non — analytical expression when analyzing stability with standard methods (root — locus, Routh
— Hurwitz etc.)[21]. The delay is therefore approximated with Padé — approximation, where first order
often is sufficient [20]

(63)

For discrete — time systems, a time series at sample number k represented as x[k] = x[0]+ x[1]+ x[2]...
could then be represented using Laplace transform and using the delay theorem of (59) as

X (s)=x[0]+x[1]e™" +x[2]e”*"... with the sample period T, . However, for periodically sampled
signals, an infinite number of insertions would be required. Thus, sampled system is more conveniently

represented with the z — operator, defined as in (53) [22]. Discrete, sampled system can thus be
equivalently described as in Figure 9.

With a simulation time step of T, for fixed — step solvers, the delays can be discretely implemented in
the simulation model and accounted for in analysis and controller tuning by delaying the feedback path
with N,,p =T, / T, and forward path N, =Ty, / T, number of samples'?, as in Figure 9. This

sim
requires the Simulink block to inherit the sample time of the fixed — step solver, i.e. setting -1 as sample
time for the block. Alternatively, the blocks which cause the delay can obtain the sample time equivalent
to the delay time and set the delay integer to 1 sample delay.

r(z) +‘/\ ez) _ G.(2

y(z)

Y
W
S
Y

A J

»

X

Gp(:)

v Tuned Controller

A

—~Naup

Figure 9 - Block diagram in discrete frequency domain with delays accounted for in the system paths.

Simulation results showing the effects of including these delays in simulation is shown in Figure 24 in
Design of the Nominal Controller.

9 Expressed as g(s)=n(s)/d(s),where n(s) and d(s) are polynomials.
19 Requires T,,, and Tp,, to be an integer multiple of T, .
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3.3. Voltage Control

Together with the output current (also termed outer dynamics control), there are three state variables per
phase of the averaged dynamic model which needs to be controlled. These variables are the circulating
current and the two sum — capacitor voltages (also termed inner dynamics control).

The goal of the voltage control is for the mean values of vZ and v to converge to V. . This control is

based upon the proper selection of insertion indexes, as it is seen from (22) that there are these input
variables which are available for manipulation. The specific class of voltage control is based on how the
reference waveform is generated. The following describe the most commonly used voltage control
techniques, based on descriptions in [8, 9].

3.3.1. Direct Voltage Control

This voltage control technique calculates the ideal insertion indexes based on (23), where the sum
capacitor voltages v and v7 are substituted with their common mean value V. , such that

n, = Vi/ A
L (64)
_V +V,
=
VDC

This gives inherently asymptotic stable system and a low computational complexity. On the other hand,
parasitic components appear in the output and internal voltages, which contributes to harmonics in the
circulating current as well as output voltages. The circulating current may however be suppressed by
circulating current controllers. This technique will be utilized further in the thesis.

3.3.2. Indirect Voltage Control

In this technique, the upper and lower arm insertion indexes are given by

* * z circ

Ve =V _Vreg _Vreg
n,= 5
Veu

V.4V —vE o —yere

n =-° s reg reg

=

VE

c,l

Where vZ_ and vy are used to control the total energy in one phase and balance the energy between the

reg

arms, respectively.
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The Indirect Voltage Control can further be classified into

Closed — loop control: v= and v> are calculated based on the actual measured values of the

> circ
reg and Vreg

energy stored in the arm capacitors and the energy balance between the arms, respectively. Both
these arm — energy controllers are needed to obtain asymptotically stable system. The advantages of
this technique lie in the control of the average submodule capacitor voltage, which allows for
operation under low output voltage with high number of voltage levels, and the control of the energy
imbalance between the upper and lower arms.

submodule capacitor voltages. Vv are obtained from closed — loop control of the total

Open — loop control: v and v> are calculated based on estimated values of the submodule

= =0and Vo

reg reg 1S €stimated to eliminate the harmonics in the

capacitor voltages. Furthermore, v

circulating current. As for Direct Voltage Control, inherent asymptotic stability is obtained and only
small parasitic voltage components appear. Advantage of this technique lies in the absence of voltage
sensors (such sensor will introduce delays, increase computational effort and increase the use of
hardware resources). However, accurate estimation of the real parameters necessary to describe the
dynamics of the system is always a big challenge.

3.3.3. Hybrid Voltage Control

In this technique, the insertion indexes are calculated as follows

vy
" Voo +BPF(v3)
- (66)
Ve +V

" Ve +BPF(v3)

n,

vZ and vZ in the denominator are band — pass filtered (BPF) such that their mean values vanish, but the

ripple components remain. The desired mean value V. is added. The system becomes inherently
asymptotically stable.
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3.4. Submodule Capacitor Voltage Sorting

Submodule voltage sorting is needed as each submodule is inserted into the arm at different time instants.
The arm current flowing through each submodule capacitor will be different, depending on which time
instant the submodule is inserted, which can be understood from

Po=nli (67)

i<:,u,| u,lfu,l

and (19). The individual submodule capacitor voltage depends on the current flowing through them, thus
each submodule capacitor voltage will diverge to different voltage levels if not a proper voltage control is
implemented. In the inserted submodule, the capacitor will charge if the current flowing through it is
positive and discharge if it is negative. For bypassed submodules, the voltage will remain unchanged.

One of the most widely accepted and used methods for submodule voltage balancing is based on a sorting
strategy [8]. It is based on measuring each individual submodule capacitor voltage and sorting the
submodule voltages in either ascending or descending order depending on the respective direction of the
arm current. The number of needed inserted submodules to produce the target waveform are calculated
first, before the following situation may apply [9]

- Positive arm current and a submodule should be inserted: the bypassed submodule with the lowest
voltage is inserted as this will increase (charge) the capacitor voltage.

- Negative arm current and a submodule should be inserted: the bypassed submodule with the highest
voltage is inserted as this will decrease (discharge) the capacitor voltage.

- Positive arm current and a submodule should be bypassed: the inserted submodule with the highest
voltage is bypassed as this will keep the submodule voltage to further increase.

- Negative arm current and a submodule should be bypassed: the inserted submodule with the lowest
voltage is bypassed as this will keep the submodule voltage to further decrease.

The modulator’s only task is to calculate the required number of submodules to be inserted at any given
time step, and the sorting algorithm takes care of which specific submodule to insert to keep the
submodule capacitor voltage as constant as possible. Although the sorting method guarantees capacitor
voltage sorting under all operating conditions (provided that the frequency of the sorting is high enough),
the method produce unnecessary switching transitions amongst the submodules [8]. Even if the number of
required on — state submodules within two consecutive control periods are not changed, the submodule
insertion/bypassing may still happen, resulting in increased switching frequency and further power losses.
Methods for avoiding these problems are further summarized in [8].

Another problem this algorithm change is the inherent problem of the sudden arm current direction
change. The arm current may change in a shorter time period than the time period control cycle of the
algorithm (t, to t; in Figure 10). If the arm current is considered negative at the instant of sorting, a
submodule with too high voltage will be inserted. Since the arm current may change direction in a shorter
time period than the sorting time period, the current may become positive, even further charging the
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Figure 10 - Problem with submodule capacitor voltages sorting
technique.

already above — limit inserted submodule capacitor
voltage. Evidently, if the sorting is not updated with a
low enough time period, it may lead to significant
voltage peaks in the capacitor voltage ripples [11].

The algorithm is used in the Simulink simulations to
control the submodule voltages. The algorithm is
implemented with Simulink blocks is shown in the
Appendix, Figure 87. Figure 12 shows the submodule
capacitor voltages with and without voltage sorting
enabled.
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Figure 11 - Voltage sorting algorithm flow chart.
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Figure 12 -Upper (red) and lower (blue) arm submodule capacitor voltages with circulating current control and voltage sorting
ENABLED at t<0.16 (s). Voltage sorting DISABLED at t=0.16 (s).
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3.5. Circulating Current Control for Direct Voltage Control

The circulating current control is linked to the voltage control, and should be adapted to the specific
voltage control scheme utilized. As described in the Voltage Control chapter, the different voltage control
strategies lead to different consequences for the differential current. With Direct Voltage Control, low
even order harmonic components and high order harmonic components due to the PWM modulation is
present in the disturbance, and give rise to these components in the circulating current. These components
can however be suppressed by proper control strategies which will be discussed in the following. The
disturbance contains lower order harmonics of even multiples of the fundamental frequency and higher
order harmonics centered around the switching frequency. Of the lower order harmonics, the second order
harmonic (at 2a;, ) is highest in amplitude, with the following harmonic components rapidly decreasing in

amplitude. Switching frequency harmonics are dependent on the specific modulation strategy and will
unavoidably contribute to high frequency noise in the circulating current. For high enough switching
frequencies, this disturbance can accurately be modelled to be containing double fundamental frequency
components and switching harmonics [9].

The disturbance signal should therefore be modelled containing sinusoidal frequency components at even
multiples of the fundamental frequency, with the amplitudes rapidly decaying as the frequency increase.
The high order switching harmonics will be outside the bandwidth of the controller and can only be
influenced by the specific modulation strategy. (68) is the frequency domain disturbance signal

d(s)=a (22) +a (40) +a (6,)

= +..

‘24 (20,) ' sP4(4ay) S +(6m,) (68)

a, >a, >a..
A basic block diagram of the system to be controlled is shown in Figure 13.
dfs)
_|_
+ )
G.(5) G(s) V(s),

Figure 13 - Block diagram of system.
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3.5.1. Proportional Integral (PI) Control

P1 controller will only be able to provide zero steady — state error for signals with zero frequency, as the
integrator will provide infinite gain at DC. Thus, for a PI controller to accurately track/suppress an
oscillating signal without steady — state error, the signal which is to be tracked/suppressed must be
transformed into a non — oscillating signal. This may be done by transforming the three — phase,
oscillating abc — quantities into the synchronous frame in order to obtain DC, direct — quadrature (dq) —
guantities. The d and g component can then be controlled with their individual PI controller. For current —
regulated, balanced, three — phase converter systems, one PI controller for the d and one for the q —
current component is needed, resulting in two PI controllers. For an unbalanced, three — phase systems,
two PI controllers are needed for both the positive sequence and negative sequence currents, resulting in a
total of four PI controllers [23].

These structures pose additional computational efforts and accuracy challenges. For n harmonics in the
circulating current to be suppressed, n reference — frame transformations need to be performed, increasing
computational efforts. Furthermore, current frequencies need to be estimated through phase — locked —
loops (PLL) in order to accurately transform the quantities, introducing accuracy challenges.

These challenges of reference — frame transformations are avoided with control algorithms which directly
can act in an effective manner within each phase, that is accurately track/suppress signals with frequency
components. Their control algorithms are, however, more complex and require more resources than the Pl
controller algorithms. Methods for controlling sinusoidal signals is discussed in the following chapters.
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3.5.2. Proportional Resonant (PR) Control

To cope with sinusoidal tracking/rejection without dq — transformation, a Proportional Resonant (PR)
controller can be utilized. For the resonance part of the controller, a resonant filter is used. With the
dynamics of the circulating current described with (43), the following control law can be obtained for the
circulating current with PR — control

2V: =VDC _ZRi(:iff _(kp +Gh (S))(idiff _i;iff ) (69)

The current iy, , as in (40), is used rather than i, as in (43). The difference is only in the presence of

circ?
the DC — component i, in iy , which will be filtered with a DC — block — filter when implemented in
Simulink. Where v, equals its reference v, delayed with T, , plus the disturbance voltage d. This voltage
disturbance component d represent the switching harmonics and, for direct voltage control, components
of even — multiples of @, A feedforward term V. —2Ri;, is added to compensate for the resistive

voltage drop in the arms and the DC — link voltage. The block diagram of the control structure is shown in
Figure 14,

k

i Cuts) ldiff
— ] A >

Gh (s)

Figure 14 - Block diagram of PR control block control structure.

In practical implementation, R would need to be estimated, where the accuracy of the estimation might
be a challenge. The error signal e =i, —i,, is feed through the PR controller consisting of a proportional
gaink, and a resonant filter G, (s). k,, effectively increase the resistance form R to R+k, and can be

looked upon as virtual or active resistance. The PR controller should be designed for good disturbance
rejection within the system stability area. The filter transfer function is [9]

k. -(scos¢@ —haw,sin
Gh(5)= h (2 % 0 2¢h)
s? + a5+ (ha, )

(70)

Where K, is the gain, «, is the bandwidth of the passband and ¢, is the phase compensation angle. The
filter acts as a bandpass filter (BPF) about the angular frequency ha, . With s = jha,, we get
k,-(cosg, + jsing,) k, -ei

Gh(jha)o)z = (71)
ay, Qy
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With a pure BPF, e can be used to compensate for any forward path time delay e by setting

¢, = a,T, . Setting k, =, and ¢, =0 givesG, (jo,) =1, a frequency component at he, is admitted
without phase shift or amplitude. By setting o, =0 and ¢, =0 yields infinite gain at he, , resulting in an
ideal resonant controller, just like the integrator (1/s) yields infinite gainat s =0 (DC). The ideal
resonant controller, also termed the second order generalized integrator (SOGI) have the transfer function

k.S

Geog, (8) = —— 2>
soai () SZ+(ha)O)2

(72)

A PR controller with a certain bandwidth is often preferred for a better digital realization and noise
rejection, especially when using fixed point representation [24]. By using the resonant filter summed with
a proportional gain, the PR controller transfer function is obtained as

k.S

G, (s) =k, + (73)
P " s+ a5+ (ha,)
To ease the analysis, the PR transfer function is written as [24]
G (s)=k |1+ >
pr - r 2

Th(SZ +a,5+(ha,) ) (74)

k

T, ="
"k

The goal of the tuning is to maximize the proportional gain k, and minimize the resonant integral

(general integrator) time T, (maximizing the resonant gain K, ), while taking into account the delay time
T, and still keeping a sufficient phase margin ¢, . The maximum proportional gain is achieved at a

highest possible crossover frequency «,, (frequency where unity gain of the open — loop frequency

response occurs with the required phase margin). Minimizing the resonant integral time is then done
accordingly. The following parameter tuning is based on [9, 24].

The open loop transfer function including the controller output delay T, * is

G (5)-G (s)—kl 1+ S I R (75)
" ’ 2R Th(sz+ahs+(ha)0)2) 1+T,s

1 Delay including both digital to analog delay in the forward path and analog to digital delay in the feedback path
(see 3.2).
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The phase angle of the forward path at the crossover frequency «, is

£G,, (ja,)G, (ja,)=<« Kor 14 ja, { o T, J
pr ) p co 2R T, (((ha)o)z_aczo)+jamah) 1+ jag,T,
(76)
4 a.o
@, =——arctan co ~h —arctan (e, T, )—a,T
2 Th((hwo)z_aczo) ( ) ‘
For sufficiently large «,,, such that
jaco ~ |- 1 |, (77)
T(((hea ) a2 )+ e, )| 11Tl

the phase can be approximated as

k = joge Ty
¢0.=4{i(1+ = j{ e J]
2R Jo . T, )\ 1+ jongp (78)

@y = —% +arctan (e, T, ) —arctan (a T ) — Ty

co'p

Almost invariably, the crossover frequency will be well above the plant pole frequency, thus the angular
contribution from arctan(a T ) can be approximately 7 /2, thus the open loop phase margin ¢, can be

co'p

approximated as

Pom ~ 7 — (7 —arctan (a,T, )+ a,,Ty)

(79)
P ~arctan (o, T, ) — T,
And the crossover frequency
arctan (e, T, ) —
( co h) §0pm :aco (80)
Td
A maximum value of «,, foragiven ¢, occurs for arctan(e,,T, ) :% , yielding
ml2-

Gy = Do (81)

€0, max
Td
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Looking at the gain of the open loop transfer function at s = je, with the approximation of (77), we

€O, max

get
G (i _ kpr 1+ (am e )2
ol ( Jaco,max) B 2R- aco,max 1+ (0{ T )2
co, ma: (82)
1
kpr =2R- Qo max h +(aco — p)

\/1 + (e Th )

With the assumption of «,, .., T, >1 and «, .., T, >1 the following expression for the proportional gain

co,max ' p €0, max
is achieved
a T
k ~2Ray, no Ty comx b — 2Raco,mapr = 2Ly e (83)
co,max ' h

Setting arctan (@, T ) =85 (close to 7 /2) further yields

1
T, v (84)
aco,max
For proper system stability, the cross — over frequency is often set to be [9]
2
a ~ 85
Co,max 10 -TS ( )
Further, the following expression for the resonance bandwidth with i =2 is commonly used [9]
1
a, = 86
T (86)

How the resonance bandwidth affects the frequency response of G, (s) is shown in Figure 15. Increasing
the bandwidth decrease the gain at resonance frequency as well as widen the frequency range of higher
gain than 20log(k, ).

36



Magnitude (dB)
[4)] [=)]
o o
T T

I
o
T

Phase (deg)

-90 1 1
10" 102 10°
Frequency (Hz)

Figure 15 - Frequency response of Gpr(s) for varying values of the resonance bandwidth.

3.5.2.1. Discrete — Time Realization of the PR Controller

The continuous time transfer function of (74) is discretized in order to implement the control logic
digitally. Since the controller inhibit important dynamics at the tuned frequency, care is needed in this
process of discretization. Besides the discretization stability issue of ensuring that the left half s — plane
poles must be mapped inside the unity circle of the z — plane in order to preserve the stability properties of
G, (s), further cautions must be made [9]

37

The resonant frequency (he;, ) should not be shifted due to the discretization. The prewarped
Tustin method, which involves the substitution

ha, z-1 (87)
( he,T, ] z+1
tan T

has the desired mapping and frequency properties.

S—

For fixed point implementation, realization of (87) should be done using a structure which have
good numerical properties. For sampling rates much higher than the r  esonant frequency, the
poles of a discretized resonator (controllers and filters which have poles in the s — plane close to
s== jhw) cluster near z=1 in the z — plane, resulting in poor numerical properties for the
standard direct — form structure based on the z* (one sample delay) operator of (87). The direct
— form Il transposed (DFIIt) structure based on the delta - operator

s=1-1 (88)

is shown to have better numerical properties regarding quantification noise. DFIIt is currently the
preferred structure for fixed point resonator implementation [9, 25].



Applying equation (87) and (88) into (70) yields the following transfer function for the resonant filter [9]

6, ()= % (89)
With the coefficients

- ! (90)

1+ ey Sin(heiT,)
i = zkr:crgo 1)
by =k, (sin(has,T, +4, ) —sin(4,)) (92)
b, =K, (3sin(hayT, +4; )~ 4sin (4, ) ~sin(hayT, ~4,)) (93)
b, =k, (2sin(ha,T, + 4, ) —4sin(d, ) - 2sin(ha, T, - ¢, )) (94)
a, =2(1-r, cos(hw,T,)) (95)
a, =2r, (1-cos(ha,T,)) (96)

The realization of is obtained by using the delayed numerical integrator as 6§ =1/(z-1).

For fixed point implementation in hardware such as FPGA, ASICs or fixed — point DSPs, the mentioned
quantification issue is important. In this thesis, the PR controller is only used to compare Simulink
simulation results between PR and repetitive control in a floating — point environment. Only the resource
use and estimated critical path of the PR controller tuned to 2@, and 4w, is investigated to some degree.

The PR controller is not simulated with fixed point data types, but if the controller structure is to be
implemented in fixed — point using the methods described in this thesis, care must be taken during
guantization to obtain proper performance.
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3.5.3. Repetitive Control

Repetitive control can be considered as a family of algorithms especially useful for rejecting periodic
disturbances or tracking periodic signals with multiple major frequency components. Methods like PR
control needs to be designed to a specific frequency: the frequency component which is to be suppressed.
A PI controller needs a multiple — of — three phase system in order to transform the oscillating quantities
into DC quantities for a proper control without steady state error. This requirement, which needs dq —
transform and Phase Locked Loops (PLL), increase complexity for an integrated solution [26]. The
repetitive control scheme is able to act on sinusoidal signals and is effective for multi — harmonic
suppression.

3.5.3.1. Internal Model Principle

The repetitive controller is based on the Internal Model Principle, and is widely used to provide precise
tracking of periodical and highly complex waveforms [26]. The Internal Model Principle of control theory
states that for an algorithm to be able to perfectly reject a signal, it must contain a model of that signal.
The controlled output will track a set of reference inputs without steady state error if the model which
generate these references is included in the stable, closed loop system. For example, no steady state error

will appear for a step reference command r(s) = (l/ s) in a type — 1 stable feedback system which has an

integrator (1/5) in the loop, as the this is the generator of the step function. Likewise, the resonance

frequency response defined in (72) is a representation of the sine — wave, thus including this signal
generator in the controller should result in perfect tracking/rejection of sine signals [27]. If one wants to
obtain zero difference between the command reference and the measured signal (the error), the control
algorithm must be able to self — generate a signal in the absence of any error signal. Thus, any input that
repeats with a known period, can be addressed by the controller with a periodic signal generator. These
types of control are termed repetitive control.

A periodic signal generator in the feedback of the controller algorithm satisfies the Internal Model
Principle. To obtain the periodic signal generator, a simple delay element can be placed in a positive
feedback loop such as in Figure 16.

E(s) * Uls
\/‘\ S) A -

>

Periodic Signal

e—ST <«

Figure 16 - Block diagram of continuous internal model.
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This closed loop system will in the continuous time domain result in an infinite number of marginally —
stable poles. A signal with very fast transitions in the time domain requires a high bandwidth signal
generator capable of creating this high frequency content. Stabilizing this system is challenging, as the
high frequency bandwidth may interact with other high frequency elements within the system, such as the
converter modulator. The controller must therefore be design with the complete system in mind [28].

The internal model is often depicted with the delay inserted in the forward path. With a specified
sampling period T, =1/ f, and the period of the periodic disturbance which is to be rejected as

T, =1/ f, . The required length of the delay can be obtained as N, =T /T , with T, = N.T,, where N

s's?

being the number of sample delays. Following the analysis of [29, 30], the internal model is given as

1(8)=—— (97)
Which by inserting T, = N.T, gives

o SN, o JoNGTs

=l |(J'w)=1_e,w (98)

I (S) = 1_ e’SNsTs

With Euler’s formula, (98) can be written as

. cos(2z fT.N.)— jsin(2z fT.N
() = S0 TT.N.) - jsin(2z T.N,)

= — (99)
1-cos(2z fT,N,) + jsin(2x fT,N,)

(99) shows that when ( fT,N,) is an integer, the cosine term equals 1 and the sine term equals zero,
yielding infinite gain at integer multiplies of ( fT,N,). This is also shown by the poles of (97), which is

located at s=+jk /T, k e N, theoretically giving infinite gain at frequencies k /T, as seen in Figure 17
[29].

A Im(s) (Hz)
7 K1,

] 2/T,

A
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ITp Yp YTp e o
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Figure 17 - Bode plot of the internal model frequency response (left) and pole placement (right).
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Due to the nature of the exponential function, (97) can be rewritten with @, =27 /T, as [31]

k. ko 2k & S
G, (s)=k -I(s)=—F+—+—) —— (100)
I( ) ( ) 2 STp Tp HZ;‘SZ+(nCOp)2

Where k. is the repetitive controller gain. (100) shows that the repetitive controller is equivalent to a

parallel combination of a negative proportional part, integral part and an infinite sum of resonance
controllers at frequency — multiples of «,. The repetitive controller thus contains internal models of every

sinusoidal signal at the frequencies of interest.

The implementation and realization of repetitive control in the continuous time domain is a complicated
matter [30]. Fortunately, the implementation in discrete time domain is easier, and have advantages in
engineering applications where the controller often is to be implemented on DSP or SoC’s. The following
relationship z =e*" between the continuous s — domain and the discrete z — domain can be used to create

a discrete internal model. By substituting e " with 2™, the feedback will hold the output signal for the
required amount such that a periodic signal of the required period will be generated by the internal model.
The discrete internal model that should be included in the loop is [29]

z N 1
| Z)= = 101
(2) 1-z N z% -1 (1o
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3.5.3.2. Repetitive Controller Structures

Several repetitive control structures have been proposed in literature in order to track or suppress periodic
references or disturbances [26, 29-33]. Two common structures are presented.

3.5.3.2.1. Plug — In Repetitive Control with series Pl control
(RC System 1)

The system depicted in Figure 18 is termed Plug— in Repetitive Control and is the most commonly used
control topology when utilizing repetitive control [29, 30, 34, 35]. This structure has a controller G, (z) in

series (rather than in the parallel forward path presented in 3.5.3.2.2), and will be termed series RC or RC
system 1. The controller G, (z) is the nominal controller of the system, i.e. a controller for the system

without the additional plug — in RC. The RC algorithms is to act as additional controller action to handle
periodic disturbances which the nominal controller handle less effectively. The feedforward path for
addressing the resistive voltage drop over the arm resistance and DC — link voltage, and the converter
delay are ignored in the block schematic and further analysis due to simplicity. Equation (69) describing
the control dynamics is applied for this controller as well.

o e e

' ' Plug-in

H Internal Model Ifz) E Repetitive Coniroller G.(z)
=N Ofz) » G2

idsf (.')‘

G.(z)

Gp(:J

Figure 18 - Block diagram for the series repetitive controller.

The repetitive controller is paralleled with a unity forward path and have a nominal controller in series.
With the system in Figure 18, the following transfer function for the internal model 1(z) and the

repetitive controller G, (z) are obtained
-N,
(1)=-200) __ Q)

1-27Q(2) 7*-Q(7) o

Gm,l(z)=Gx,1(Z)' | (Z)=Gx,1(z)'z’\‘s#é)(z)

(103)

With the subscript 1 signaling RC system 1.
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The sensitivity transfer function S, (z)from the error e(z) to the reference differential current iy, (z) is

(104)
G,(2)=6.(2)G,(2)
Which further can be written as
$1(2) =35, (2)Smeas (2) (105)
where S, (z) is the sensitivity function of the system without the repetitive controller
Sy(z)=1+Gl 3 (106)
y
and S, 4, (2) is the modifying sensitivity function
-Ng
S s (2) = Lz tol) (107)

The closed — loop system poles are the poles of S, (z), or the poles of S, (z) and S,,(z), i.e. the zeros
of the characteristic equation

(1-2"Q(2))(1-(G.(2)G, (2) 11+ G, (2))) (108)
The closed loop system of Figure 18 is stable if the following conditions are fulfilled [29, 30]

1. The closed loop system without the repetitive controller G, (z) is stable, where

G, (2)= 1fé(yz()z) (109)

2. The modifying sensitivity function can be regarded as a closed loop system with the positive
feedback term (1- z'NSQ(z))(l— (G,.(2)G,(2)/1+G, (z))) , which gives a sufficient condition
for stability as

24 Q(2)(1- G, ()54 (2))] <1 (110
This condition can further be interpreted in the context of Small Gain Theorem, and can be split

into two additional conditions
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l(z)], <1 (112)

Since Q(z) is a design filter, this condition poses constraint on the filter design.

“(l—lel(z)Go(z))

Where in 2., G (z) is the discrete transfer function discretized with the sampling time T, and its H_

S

<1 (112)

©

norm is defined as

IG(2)|, = max{"G(ej‘“Ts )|, Yoe {oﬂ} (113)

S

In the case where G, (z) =Kk, (G, (z))f1 and Q(z)=1, the closed loop system poles is [29]

2k
z=Nfi—kle™ , k=0,.,N -1 (114)

The poles are uniformly distributed over a circle of radius N/1—k,| together with the poles of

1+G, (z) showing why the system without the repetitive controller needs to be stable before enabling

the RC. For a discrete time — system to be asymptotically stable, all the roots of the system closed — loop
transfer function must be inside the unit circle.

l+az +.+az2"=0->]z]<1 (115)
which gives the following restrictions on the repetitive gain
vk, €[0,2] (116)

For values outside this range, the system poles will migrate outside the unit circle and induce instability,
which is illustrated in Figure 19 and Figure 20.
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Figure 19 - Pole - zero map showing pole migration depending on kr.
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3.5.3.2.2. Plug — In Repetitive Control with parallel PI control
(RC System 2)

The system depicted in Figure 21 have a plug — in type repetitive controller in parallel with the nominal
controller G (z). For this system, the subscript 2 is used to distinguish it from RC system 1, and it will

be termed parallel RC or RC system 2.

: Plug - in
' Repetitive Controller G.(z)
'

Internal Model Ifz)

G.(z)

v

AN o Of)

G.(z)

f’édiﬁ"(:} jdfff'(_-)

y
Y

Gp(:J

Figure 21 - Plug - in repetitive control with nominal control in parallel.

By introducing the repetitive controller in parallel to the nominal controller, different system transfer
functions arise. Following the same transfer function derivations as in the previous section, the internal

model 1(z) and the repetitive controllerG,, (z) are similar as in (102) and (103), with only the filter
G, (z) changed. Further, the transfer function from the error e(z) to the reference current iy, (z), the

sensitivity function S, (z), becomes

(1- z”SQ(Z))(HGlyZ)j

(
S,(2)= (117)
) 1 ro(yf1. 8 ()8 2]
1+G,(z2)
And the modifying sensitivity function S, (z) becomes
1-z7"
Smod,2 (Z) = ( ’ Q(Z)) (118)

1_z~sq<z)[1_eu<z>ep<z>]

1+G,(z2)

The same stability conditions of RC system 1 applies to system 2. Due to the differences in the system
transfer functions, stability condition (110) is changed to

ZNsQ(Z)[l_GM(z)Gp(z)J

146, (2) <1 (119)
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And (112) changed to

G,2(2)G,(2)
(1— 1+G.(2) L<1 (120)
Applying the filter
IEAURE
Gx,z(z)—kr(HGy(z)J (121)

And Q(z) =1 gives the same system poles as (114) and the same restrictions on the repetitive gain as in
(116).

3.5.3.3.  Error Convergence of the Repetitive Controller

The transfer function between the disturbance d(z) and the error e(z) with the reference set to zero can
for RC system 1,2 be written as
-G _(z)(1-z27"Q
e(z)=-G,(z)-S,,(z)-d(z)= o )( ) ]-d(z) (122)

1- z'NSQ(Z)(l— G“fgivzg(z)

With the filter for both systems implemented as discussed, (122) is reduced to

(o) ()
- 1-27%Q(z)(1-k,)

.d(2) (123)

Supposing |Q(z)| =1 and the disturbance to be purely repetitive with period T, meaning its value is the

same at (t —Tp) and t such that d (z) =z"d (z) , the error magnitude can be seen to be [36]

G, (2)(1- z-qu(z))|
=2 Jd(z)-z7™ 124
For a frequency signal at @ =, =27 /T, and re — addressing the fact thatz ™ =e ™" ="
=g 1™ = ¢7127 =1 | the steady — state error magnitude becomes for frequency components at o,
Euler's Identity
- G ej“’st (1_1 Q eja’st ) -
‘e(eja)st) _ p( ) : ( ) "d(erst) :0 (125)
1-1. Q(e’“’“TS ) (1-k,)
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3.5.3.4. Repetitive Controller Elements

The control system comprises of the following elements

48

Stability filter G, (z)

The filter G, (z) is used to fulfill the second stability condition. The fundamental issue is to
provide enough leading phase to cancel out the phase of G, (z). In the case where G, (z) is

minimum phase, G, (z) is implemented as the inverse of the closed loop system seen by the

repetitive controller [29]. This filter structure will be used further in this thesis. For non —
minimum phase systems, different strategies need to be used to ensure total system stability,
which can be found in [29, 37].

In [35], the stability filter comprises of a conventional low pass filter L(z) with the cut — off
frequency w,, =10-,, which provides magnitude compensation for G, (z) and a time —

advance — unit z*, which provides phase compensation for L(z)G, (z). This filter structure will

not be used further in this thesis, but is mentioned to show that the filter is implemented
differently throughout the literature.

Robustness filter Q(z)

The cancellation performed by G, (z) is not ideal, and will not be able to completely suppress

high order frequency components present in the error signal. The MMC inverter is a harmonic
generator in itself, where the circulating current component consist of mainly low even order
multiples of the fundamental frequency and higher order components dependent on the specific
modulation strategy. In addition, conversion between digital and analog signals, and delays in the
processing system will cause high frequency components in the error signal. The internal model
must thus avoid integrating the high order components which the system is unable to suppress to
avoid saturation/integrator wind — up. This can be, and often is, realized by a zero — phase, low
pass FIR filter [29, 35, 38], as long as the filter fulfill (111). Conventional low pass filter may
also be used, but it will be necessary to compensate for the phase shift they provoke [29]. Since
such filters are symmetrical, they depend on future inputs and is thus non — causal. This is
however not a problem when used with repetitive controller, as the filter is used in the positive
feedback path of the internal model which is delayed with exactly one signal period, and thus
intrinsically exhibits knowledge of the future error [33].

Gain k,

The repetitive controller gaink, ultimately decides the amplitude of the controller output. The

design of is a trade-of between stability robustness and steady — state performance. Appropriate
selection of k, also decrease the error caused by non —harmonic components (not affected by the

high gain of the internal model)[29].
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Nominal controller G, (z)

The nominal controller is commonly chosen to be either pure proportional or proportional —
integral. For a PI controller, the transfer function in the continuous s — domain is

G, (s)=k i (126)

with the proportional gain k, and integral gain K;. For pure proportional, (126) is reduced to
k,- The discrete transfer function discretized by ZOH can be written as

B z|<p+(Tki —kp)

G, (z 127
(2) - (127)
With the Tustin (Bilinear) approximation, the transfer function is written as
T z+1
k, +k| === 128
P (2 z—l] (128)

The plant G, (z)
The plant transfer function governing the generation of circulating current is described in The

Circulating Current chapter. It is comprised by the arm inductor and resistance, yielding the
continuous transfer function presented in (44), which is given here again for convenience

Gp(3)=—1 SR ,Tp=L (129)
2sL+2R  2R|1+sT, R
The discrete plant transfer function is thus described as
11( 1 1 (1-e "
G (z)=(1-zY)z| =— = | —— (130)
(2) ( ) (s 2R(1+STPB ZR(Z_G—E/TJ

discretized with ZOH and with the Bilinear (Tustin) transform, the discrete transfer function
becomes

z+1

S:%E z 2R+£ + 2R—ﬂ
TS TS

(131)

Gp(z)z[ﬁj



3.5.3.5. Design of the Nominal Controller

The nominal controller should first and foremost ensure the stability of (109). A PI nominal control
structure is frequently used in literature [33, 35, 39], but when used with a repetitive control structure, the
integral part may not necessary. From chapter 2.2, it is clear that the differential current comprises of a
pure DC — component and oscillating component at even multiples of the fundamental frequency and
high order harmonics due to the modulation. As the differential current should settle on its DC — value,
the error entering the control structure is purely sinusoidal in nature. This sinusoidal quantity should
ideally be suppressed to zero. As stated in chapter 3.5.3.1 to perfectly reject or track a signal, the
controller should contain a generator of that particular signal.

n d(s)

s - (:
e(s) Ge(s) Gy(s) V0,

Figure 22 - Error block diagram with reference set to zero.

Considering the block diagram of Figure 22 with the reference set to zero and the disturbance signal
d(s), the transfer function from the disturbance to the error yields

G,(s

)=175 faee %) ) (132)

1+G,(s)
For a sinusoidal disturbance with the poles s =1 jw, , any system containing a model of these poles

would yield zero error at @, . With the plant transfer function G, (s) defined in (129), the error function
can be written as

1

e(s)= -d(s)= N (5] -d(s)

2R(1+5T, ) +G,(s)

D, (s) (133)

D.{s) d(s)

2R(1+5T,)-D,(s)+ N, (s)

For a disturbance signal which contain sinusoidal signals as in (68), having poles at s =+ jne, and

G, (s) containing a signal generator of (68) having the poles at s == jnw, as defined in (100), such that

k
D.(s)= 1_[(32 +(na)p )2) , the error e(s) will be zero for frequencies at new, up to the chosen design
n=1

frequency ke, as long as the closed loop system is stable.
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Furthermore, as the repetitive controller includes both an integral term and proportional term, there should
not be necessary to add an integral term in the nominal controller whenever the repetitive controller is
enabled to remove sinusoidal disturbances. A proportional term may be added to adjust the settling time
of the differential current, as this is affected by the system bandwidth.

The design of the nominal controller is, however, performed assuming the use of an integral part. This is
done to make the system without the repetitive controller perform optimally. The resulting system with
the repetitive controller should not need an integral term as discussed, and will function optimally as will
be shown in simulations.

The PI controller is designed to be robust to account for unmodeled aspects, model uncertainties and
modelling errors, i.e. with enough phase — and gain margin to ensure system stability over a wide
frequency range. To avoid interference from the high order harmonics in the circulating current due to the
PWM, the closed — loop bandwidth ¢, [r/s] is chosen to be one tenth of the carrier frequency f,. The
closed loop bandwidth is approximated by the open — loop cross — over frequency «,, in the design,
giving

w, 2rf

=2 134
% =10="10 (134)

With the converter delay introduced in the open — loop, the open loop transfer function is written as

k 1 1
G, (s)=G,(s)G,(s)=G,(s)=—|1+— || —— [ 135
L (0-G316,(0)-6, (0o 10 - a2
With T; =k /k; being the integral time constant. The tuning of these parameters is based on [24] and the
the same concepts as the PR controller tuning. The parameters are obtained as follows

co'p

o (136)
Pon ~arctan (e, T, ) — o, T,

co i

@on — 7 =arctan (o, T, ) - % —arctan (e, T, ) - T,
%/—/

Setting arctan(e,,T,) as close to /2 as possible, say around 85, gives

L)
Yoo 137)
‘ (
k =—P
1 Ti
For small R, the proportional gain will mainly be decided by pole placed by the plant inductance.
Setting (135) at «,, equal to unity, yields the following approximation for k
k, ~2La,, (138)
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The continuous controller is discretized with ZOH and verified through simulation in Simulink with the
system block diagram as shown in Figure 9, with the PI controller as the tuned controller. The tuned

parameters for a phase margin ¢, =60" and crossover frequency a., = f. /10=1000 [Hz] gives
k, =57.8, k, =36500 and T; = 27.4 [us] . Figure 23 and Figure 24 shows plots of system characteristics
and closed — loop system step response.

150 T T T

100

50

Magnitude {dB}

-90 T T T T
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e B I

o
| —
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Figure 23 - Bode plot of open loop frequency response Gy (upper) and pole - zero map of the closed loop transfer function Go
(lower).
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Figure 24 - Step response of closed — loop system for different setting of feedback delay (AD) and controller output delay (DA).

This tuning provides an aggressive controller with high bandwidth within the robustness restriction posed
on phase and gain margin. Such aggressiveness may not be necessary when used with a repetitive
controller to eliminate the error in a system which regulates the differential current. This is confirmed
through Simulink simulations with repetitive control. Thus, different values of k, and k; providing

different controller bandwidths are investigated and compared to look at the error the nominal controller
generates alone and with the repetitive controller structures. The maximum parameter values are chosen
to be the ones designed in this chapter. The parameters of Table 2 are analyzed.
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Crossover frequency f, [Hz] | k, ;
100 5.8
200 11.6
300 17.3
400 23.1
500 28.9
600 347
700 40.5
800 46.2
900 52.0
1000 57.8

Table 2: Proportional gains at different crossover frequencies.

k; is varied between 0 and 36500. How the varying gain is affecting the behavior of the differential

current is shown in chapter 4.4. Simulation Results. The simulation model can be found in Appendix A.
Simulink Simulation Block Diagram.

54



3.6. Output Current Control

The output current has great effects on the total converter system performance, and the output current
control should be designed with care to avoid system deterioration. The dynamic expression governing
the output current was presented in (chapter) and is given again here as
L%+Eis =V, -V, (139)
2dt 2
Applying the Laplace transform, the time domain equation (139) can be expressed in the frequency
domain as

(140)

The reference i, is given in (24) and is a fundamental frequency sinusoid, with phase shift dependent on
the required active and reactive power of the grid. With its sinusoidal nature, perfect tracking can
theoretically be achieved with a proportional — resonant controller with peak gain at (ha)o) =w®, isan

appropriate choice [9].

As seen in (140), the output current is driven by the voltage difference (vs —va), where Vv, can be looked

upon as the load disturbance. Transients in v, may occur in grid locations close to the converter, i.e. rapid

changes in phase — angle, sags (short duration reduction in rms voltage) and swells (short duration
increase in RMS voltage). Since Vv, is measurable, the dynamic performance can be improved by a feed

forward, that is including a term in the control law which objective is to cancel v, . To avoid passing

through high frequency components in v, , v, should be passed through a BPF similar to (70). The
following control law can now be obtained as [9]

. K,S a; (scos(dy) — @y sin(4, )
V, =Ke+ s€+ > >
S +a,,S+ o, S“+a,S+m,
%/—/
Vp vl
e=i —i (141)

* ff
Vo =Ke+V, +V,

Where ¢, = @,T, can be used to compensate the time delay if deemed necessary. Assuming the parasitic

arm resistance is sufficiently small so it may be ignored, the parameter selection can be done in a similar
way as for the circulating control PR — control parameter selection, though 2L — L/ 2, giving
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COo, max COo, max
po — 2 p 2
kho = Laoaco,max
€0, max (142)
aO
20
1
o, =—
2T,
The total control system can be summarized with Figure 25.
) o
Outer Dynamics | s + Ny, pre
Control e ! 1
+ 4 . 1,
Vpe Voltage Sorting[ >

Algorithm |

) - v h 4
Inner Dynamics | v, + /5 M.pre A
(CC) Control 4 '

Figure 25 - Total control overview. Outer Dynamics Control governing the output current, Inner Dynamics (Circulating Current)
Control governing the circulating current, Voltage Sorting Algorithm governing insertion indexes.
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4. Simulation

The repetitive control is simulated on a single phase MMC in Simulink with the given model parameters
of Table 3. The control algorithms are tested for different control structures and controller parameters.

The circulating current is controlled to the reference circulating current iy, =0 giving i, =4 [A].

Item Values
Load Power Poad =2 [KW]
Modulation Index M=1
Fundamental Frequency f, =, / 27 =50 [Hz]
DC - link Voltage Ve =500 [V]
Arm Inductance 4.6 [mH]
Arm Resistance R=0.05[Q]
Plant Time Constant T,=L/R=0.092 [s]
Carrier Frequency f. =10 [kHz]
Sampling Frequency f,=2f, =20 [kHZ]

Table 3 - Simulation Parameters

4.1. Series Repetitive Control (RC System 1)

The controller is constructed for suppression of the circulating current with a frequency of

2w, =27 -100 [r/s]. Under the assumption that the period of the disturbance is constant, the sampling
frequency will be constant and set equal to twice the carrier frequency of the PWM carrier, giving the
sampling time T =T,=1/2f, =1/ f, =50 [us]. This gives N, =200 . The use of T indicates the use of
the constant sampling time*? given. With the assumption of constant disturbance period T, following
systems will be Linear Time Invariant (LTI).

The plant given in (129) and the nominal controller is discretized using ZOH. The plant transfer functions
become

-TIT,
Gp(z,T)zi l-e ) _ 0.005433 (143)
2R Z_efT/TP z-0.9995
The internal model which will be used is
3 2
1(2) = Q(z) 0.252°+0.5z° +0.25z (144)

M —Q(z) 2% -0.25z8-0.52%-0.252

12 The sampling time T, can be adapted to changes in the disturbance period time Tp to maintain a constant value of
N, . This is termed Varying Sampling Approach and is a possible technique for addressing changes in T, . See Future

Work for further details and reading.
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With the filter Q(z)=0.25z+0.5+0.25z™" used in further discussions. The plant G, (z,f) and its

inverse

—\\! z-0.9995
(GP(Z’T)) :Zo.005433 (149)

are both casual and stable, thus the plant is minimum phase. This allows the filter G, (z,f) to be

implemented as
G,.(2.T) =k (G,(2T))" (146)

With the maximum — tuned PI controller gains, the discrete PI nominal controller transfer function
becomes

_ 2, +(Tki—k,) 57.82-55.975

G, (2.7) — — (147)
and
(a0, T)e (o) 20

With G, (z,'l_'), the closed loop system without the repetitive controller becomes

o, (2)- G,(zT)  03142-0.3041 149
o _1+Gy(z’-|7)_22—1.6852+0.6953 .

The closed loop system G, (z,f) has the roots (z—0.962942)(z—0.722058), both laying inside the unit

circle. Thus, the system is stable, fulfilling stability condition (109). The filter val(z,'l_') is thus chosen
to be

G, (2.T)=k, (GO (2T ))l Kk, 22(;;'12825_25363353 (150)

for this system. The repetitive controller transfer function becomes

0.25z° +0.07865z" —0.4189z° —0.07369z° +0.17382

G z,'I_' =
r”( ) 0.314z%® -0.3041z%* —0.07851z* —0.08099Z° +0.0735522 + 0.076603z

(151)

and the complete transfer function for the plug — in repetitive controller with PI control in series can be
written as
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G (2T) = (14126, (2.T))6. (T) = (1+ G (2 T) 6. (2.7)

14k 0.25z° +0.07875z* —0.4187z° —0.07362° +0.1738z (57.82 —55.975}
"0.3147%° - 0.3041z%* —0.0785z* —0.080982° + 0.073552% + 0.07602z z-1
(152)

which for k. =1 results in

18.15z%* —35.162%° +17.022?® +14.452° —

G ( —)_ 13.99z° —28.9z* +27.977° +14.457° —~13.99z
e\ 0.3142% - 0.61822° +0.30412°% —0.078512° —

0.002479z* +0.15452° +0.002479z° —0.07603z

(153)

The open — loop transfer function becomes
Gy (2T)=(1+1(2)6,,(2T))6, (2T) = (6, (2T) +k 1 (2)(2+, (2.T))) (154)

which for k. =1 results in

0.09862z°* —0.1912*® +0.09249z°* +0.07851z° —

~0.07599z° -0.157z* +0.152z° + 0.07851z* — 0.07599z
0.314z*® —0.9322** +0.9227°* - 0.304z* - 0.078512° +

0.07599z° +0.157z* —0.152z° —0.07851z% + 0.07599z

(155)

G, (z,f)

With the stability criterion (109) fulfilled, the criterion (110) demands
HZ’NSQ(Z)(l—val(z,'l_')G0 (z,f))

Y 72 —1.685z +0.6953 0.314z -0.3041
77%Q(z)|1-| k, 5
0.314z -0.3041 z°—-1.685z +0.6953

|7 Q(2)(-k,)

<1

0

<1

0

With |Q(z) =1, this gives the poles
2kzj

z="fl1-k e ™, k=0,.,N-1 (156)

(156) shows that the poles are uniformly distributed around the unity circle with the radius N,s/|1— k,| .
Keeping the repetitive gain range within the limits of

vk, €[0,2] (157)
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ensures system stability. Figure 26 shows the pole placement for a repetitive gain of k. =0.99 and
k, =4.99, where it seen how the poles migrate outside the unit circle for repetitive gains higher than 2.
Furthermore, a low — pass, zero — phase FIR fiIterQ(z) satisfying the condition (111) greatly reduce the

impact of the higher frequency gain peaks. Figure 27 shows clearly how the poles of the closed loop transfer
function migrate closer to origin as the frequency increase towards the Nyquist frequency
f, =1, /2=0.5/T,. InFigure 28, the open — loop transfer function of (154), the sensitivity function defined

in (104) and the disturbance error function defined in (122) is shown.
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Figure 26 - Pole - zero map of closed loop transfer function showing pole migration for different values of kr (upper), zoomed
(lower).
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Figure 28 - Frequency response of the open — loop Gol(z) (upper), closed - loop sensitivity function S(z) and closed - loop
disturbance error function e(z) (lower).



4.2. Parallel Repetitive Controller (System 2)

From the discussion in Plug — In Repetitive Control with parallel PI control (RC System 2), the changes
seen in System 2 with respect to System 1 is in the filter G, (z,f). The nominal PI controller are no

longer in series with the repetitive plug — in structure, but in parallel, thus a different frequency response
is seen by the repetitive controller. To provide proper phase cancellation, the filter is now changed
according to (121), giving

-1
6., (2.7)=k Gp(@ | _, 2" -16852+0.6953 (158)
K2\ "(1+G,(z) " 0.005433z - 0.005433

The complete transfer function of the plug — in repetitive controller with the PI control in parallel and
k. =1 now becomes

Grc,c,2 (ZY—F) =
0.3142* —0.61822*" +0.30412* —0.252° — (159)

0.2499z° — 0.5z* +0.49972° + 0.25z%> —0.2499z
0.005433z%* —0.010872% +0.0054332%%* —0.0013582° + 0.002717z> —0.001358z

With the filter G, (z,f) , We get the same open — loop, closed — loop and error transfer functions as for
RC System 1.
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Magnitude (dB)
a 5

4.3. Proportional — Resonance Control

The PR controller is discretized with the methods described in Proportional Resonant (PR) Control. With
the fixed simulation parameters of Table 3, the following tuned parameters are obtained assuming
maximum allowable crossover frequency of f, =1000 [Hz]

Tuned Parameter
k, =57.8
T, =16 10°°
a, =104.72
Table 4 - Tuned PR Parameters

With i =6 for the resonant bandwidth given by (86). These parameters give the following discretized
transfer function

The open

And with
structure,

=\ 58.7122 —115.27 +56.59

G,(zT)= 160
’”( ) 2°—1.9947 +0.9948 (160)
— loop transfer function becomes
0.319z% —0.6261z +0.3075
G, (2z)=G,(2)G,(z)= (161)

2% —2.9937% +2.987z —0.9942

the sensitivity and disturbance error function defined similarly as for the repetitive control
the sensitivity, error and open — loop frequency response for the PR control structure is shown

in Figure 29.

Magnitude (dB)

1

10

Figure 29
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- Frequency response of open - loop transfer function (left) and closed - loop sensitivity function S and closed - loop

disturbance error function e (right) for PR control tuned to 2w.



This structure can be applied to several frequencies of interest. By adding several PR controllers, each
tuned to the wanted frequency of suppression, in parallel, a similar frequency response as the RC can be
obtained. The total transfer function of the PR controller tuned to multiples frequencies then becomes

S
Th(s2 +ahs+(ha)0)2) (162)
h=246...

G, (s)=Yk, .| 1+
h=2

Where n is the max frequency component wanted for suppression. A controller tuned to 2@, and 4w,
with the same parameters as in table Table 4 and k,, , =k, , / 2 gives the controller transfer function

—\_ 58.71z* -115.27+56.59 = 29.35z° —-57.547+28.3

Gpr(z,T)— . + (163)
z°—1.994z +0.9948 z°—1.991z +0.9948
And the open — loop transfer function becomes
_ _ _ 4 _ 3 2
Go,(z,T)szr(z,T)Gp(z,T): (3.47842 42.8922 t2.807z 21.853z+0.4588 (164)
z°—4.9847" +9.941z° —9.919z° + 4.951z — 0.989

Figure 30 shows the resulting open — loop frequency response of (164). The damped resonant peaks are
clearly visible at 100 and 200 [Hz] (2w, and 4w, [r/s]).

Magnitude (dB)

.20 I 1 1
10° 10" 102 108 10%
Frequency (Hz)

Figure 30 - Frequency response of open - loop transfer function with the controller tuned to 2w and 4.
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The control structure discussed are simulated using MATLAB Simulink. A figure of the Simulink

4.4. Simulation Results

simulation used is shown in Figure 80 in Appendix.

The RC system 1 described in 4.1 is simulated. Simulations shows the differential current defined by (3),
where the P1 controller, with varying values of k and k;, and RC are enabled at a specified time instant

4.4.1. Series Repetitive Control (RC System 1)

as explained in the figure text. K, is kept constant at 1.

Figure 31 - Upper showing circulating current with a pure PI controller enabling at t=0.16 (s). Lower showing the circulating
current with PI controller enabled and series RC enabling at t=0.16 (5).
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Figure 32 - Upper showing circulating current with a pure PI controller enabling at t=0.16 (s). Lower showing the circulating

current with PI controller enabled and series RC enabling at t=0.16 (s).
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Figure 33 - Upper showing circulating current with a pure PI controller enabling at t=0.16 (s). Lower showing the circulating
current with PI controller enabled and series RC enabling at t=0.16 (5).
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Figure 34 - Upper showing circulating current with a pure P1 controller enabling at t=0.16 (s). Lower showing the circulating
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current with PI controller enabled and series RC enabling at t=0.16 (5).
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Figure 35 - Upper showing circulating current with a pure PI controller enabling at t=0.16 (s). Lower showing the circulating
current with PI controller enabled and RC enabling at t=0.16 (s).
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4.4.2. Varying the Repetitive Gain

The repetitive gain K, is varied to look at the response of the differential current.
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Figure 37 - Series RC with varying gain kr.
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Figure 38 - Series RC with varying gain kr.
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4.4.3. Steady — State RMS Error with varying Parameters

Different series RC configurations and parameter settings is investigated to look at the steady — state
RMS error |e| . = |i;iff — g | The error is filtered through a low — pass filter with a cut — off frequency of

f., =5000 [Hz] to filter out unavoidable, high frequency harmonics due to PWM.

RMS

— Pl only

———RC in SERIES with PI

10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 60
kp[Ohm]

Figure 39 — RMS error for PI (ki=0) control only (blue) and RC System 1 (red) for varying gain.
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Figure 40 - RMS error for PI control only (blue) and RC System 1 (red) for varying gain.
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4.4.4. Series vs. Parallel Structure

Figure 42 shows how the two repetitive control structures cause the differential current to settle at
approximately its DC — value, that is, almost completely suppress the frequency content of the differential
current. Figure 43 shows the two control structures after the differential current has settled at its stationary
value. k, =11.6 and k =1.
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Figure 42 - Repetitive controller with nominal proportional controller in series (blue) and parallel (red) enabled at t=0.1 (s).
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Figure 43 — Steady — state value of series (blue) and parallel (red) RC structure.
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4.4.5. Repetitive Controller vs. Proportional Resonant Controller

Series RC with proportional nominal controller is compared with the PR controller tuned to 2w, . The
proportional gain and PR controller gains are equally varied.
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Figure 44 - RC enabled for t<0.3 (s) with PR enabling at t=0.3 (5).

k,=11.6 and k =0.k =1. k,, , =11.6.

Bk oA A
N R DB ;g

[ A IS

w

0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

08— N
06— —
04— ]

10,25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35
Time [s]
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Series RC with proportional nominal controller is compared with the PR controller tuned to 2@, and
4a,. The proportional gain and PR controller gains are equally varied.
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Figure 46 - RC enabled for t<0.3 (s) with PR enabling at t=0.3 (s).
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Figure 47 - RC enabled for t<0.3 (s) with PR enabling at t=0.3 (s).
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Small differences in steady — state error is observed between highest bandwidth gain k, =57.8 and
lowest bandwidth gain k, =11.6 . However, both the nominal controller gain k, and the repetitive
controller gain k, has great effect on the settling time of the differential current. Defining the settling
time to be when the error ‘idiﬁ — i ‘ falls within 2% of the steady state value of iy, , gives the values for
settling time in Table 5.

Settling time t,,, [ms] | Nominal P —gain k, RC gain k,
20 (2 period cycles) 57.8 1

25 (2.5 period cycles) 40.5 1
40 (4 period cycles) 28.9 1

100 (10 period cycles) 11.6 1

Table 5 - Settling time.

Table 5 includes the 10 ms. circulating current period delay introduced by z ™" required for the repetitive
controller to act.

4.4.1 shows significant overshoot present when enabling the nominal PI controller for gain settings of
k,=11.6 and k;=36500.

4.4.2 shows overshoot present when the repetitive gain k. is varied while the RC is enabled. A larger
value of k. and k, shows shorter settling time. The overshoot is larger and settling time higher for lower
values of the nominal controller proportional gain k.

Chapter 4.4.3 shows the repetitive controller with pure proportional nominal control yields lower steady —
state error for a larger gain — range than an integral term added to the nominal controller.

Chapter 4.4.4 shows slightly lower steady — state error for series RC (system 1) compared to parallel RC
(system 2). The settling time is equal.

Chapter 4.4.5 shows the series RC yielding lower steady — state error than both PR tuned to 2, and PR
tuned to 2w, and 4a,.

For a fast response with low steady — state error and no overshoot, an optimal control design should
comprise of a pure high — gain proportional controller in series with the plug — in repetitive controller,
termed optimal series RC. This intermittent conclusion is used in the further simulations.
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4.4.6. Optimal Design of Series Repetitive Controller

This section show simulation for the optimal designed repetitive control, i.e. the optimal series RC, with

the proportional gain tuned to maximum, k, =57.8 and k, is setto 1.
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4.4.6.1. Output Data

The optimal output data for the simulation, i.e. the theoretically ideal parameter values, is based on the
simulation parameters given in Table 3. These values are given in Table 6.

Parameter Output phase voltage Output phase current Output phase power
Va V] 15 [A] P kW]
Optimal value 250 16 2

Table 6 - Optimal simulation values.

Output Power [k¥V]

| | | | | | | | | | |
0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34
Time [s]

Figure 50 - Output phase voltage (upper), output phase current (middle) and output phase power (lower).
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4.4.7. Frequency Content

The Powergui tool in Simulink is used to perform Fast Fourier Transform on the waveform data of
interest.

4.4.7.1. Circulating Current

Figure 51 shows the frequency spectrum of the circulating current i, of eq. (3) with circulating current
control disabled. Figure 52 shows the frequency spectrum with the optimal series RC enabled.

FFT analysis
15
14 B
13 B
12 B
1 B
10 B
9 — —
» 8 .
z 7t -
6 — —
5 — —
4 — —
3 — —
2 — —
j — —
0 1 1 | 1 1 | 1 | 1 i 1 | 1 |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
Frequency [Hz]
FFT analysis
15 T T T T T 0.15 T T .
14
137 ]
12| 10125 ¢
11
107 0.1r¢
9
;‘ﬂ“ 3 | 0075}
6
5r 0.05
4t
3r i
sl | 0.025 ‘ 1
; _ oL illhl...

. . ‘ . o [
0 50 100 150 200 250 300 350 400 450 500 05 06 07 08 09 1 1.1 12 13 14 15
Frequency [Hz] Frequency [kHz]

Figure 51 - FFT of the circulating current waveform at different frequency ranges with circulating current control DISABLED.
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Figure 52 - FFT of the circulating current waveform at different frequency ranges with optimal series RC ENABLED.
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4.4.7.2. Submodule Capacitor Voltages

Figure 53 shows the frequency spectrum of the upper and lower capacitor voltages excluding the DC —

component V>

et I N=V,. I'N as defined in (15). Figure 54 shows the spectrum of the sum — capacitor
voltages of the leg excluding the DC — component 2V and Figure 55 shows the differential — capacitor

voltages of the leg, both defined by (36).

FFT analysis

127 . . . . . . 212 . . . . . T

Mag

0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Frequency [Hz] Frequency [Hz]

Figure 53 — Frequency spectrum of the upper and lower arm voltages with circulating current control DISABLED (left) and
optimal series RC ENABLED (right).
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Figure 54 - Frequency spectrum of the sum — capacitor voltage with circulating current control DISABLED (left) and optimal
series RC ENABLED (right).
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FFT analysis
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Figure 55 - Frequency spectrum of the differential — capacitor voltage with circulating current control DISABLED (left) and
optimal series RC ENABLED (right).
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4.4.7.3. Output Data

Figure 56 shows the frequency spectrum of the output phase voltage with no circulating current control
enabled. Figure 57 shows the frequency spectrum with the optimal series RC enabled. The THD*® and

fundamental frequency components of the output phase voltage v, (t)and current i_(t) of (8) with and

without optimal repetitive control of the circulating current is given in Table 7.
FFT analysis
30 T

20 - -

Mag
&
T
I

10 - b

0 I I I I \ \ \ \ \ I I I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Frequency [kHz]

0.16 1

| 0.14 ]

1 012 ¢ 1

0.1r 1

| 0.08 1

1 0.06 1

0.04 H 1

E

| o Ll |||I.|..|||||||||.|. [ |‘.|.|||||| AR

0.7 0.8 0.9 1.1 1.2 1.3

FFT analysis
150 250 350 450 550 650 1

30

25

20 ¢
o
= 15

10

51

0

50
Frequency [Hz] Frequency [kHz]

Figure 56 - FFT of the output phase voltage waveform at different frequency ranges with circulating current control DISABLED.

o

13 THD — Total Harmonic Distortion — Defined as the ratio of the RMS amplitude of the higher order frequency
components to the RMS amplitude of the fundamental frequency component as

THD= V7 +V] +V]7 +..
V12
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Figure 57 - FFT of the output phase voltage waveform at different frequency ranges with OPTIMAL SERIES RC ENABLED.

Parameter | oytput phase voltage Va [V] | Output phase current 15 [A]
No control Fundamental 241.3 15.68
THD [%] 11.79 11.79
Optimal repetitive Fundamental 248.0 16.0
control THD [%] 2.3 2.3

Table 7 - THD and fundamental component of output phase voltage and current.
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5. Algorithm Implementation

For real — life system implementation, the control algorithms need to be implemented on a digital
computing system. In this thesis, the algorithms are investigated for implementation on the Xilinx ® Zynq
® - 7020 All Programmable System on Chip (SoC). This system integrates a dual — core ARM ®

Cortex ™ - A9 based processing system (PS) and a 28 nm Xilinx Artix7 programmable logic FPGA (PL)
in a single device. This enables combined effects of the software programmability of the ARM processor
and the hardware programmability of an FPGA [40].

Through model — based design, the algorithms can be synthesized into C/C++ and HDL code to target
Xilinx Zyng — 7000 AP SoC devices. The model — based design approach means that from a Simulink
model, one can refine and define the system requirements, simulate the design and automatically generate
code for the system. The Embedded Coder is used to generate C/C++ code for the software model, while
the HDL Coder is used to generate Verilog or VHDL code to produce Intellectual Properties cores (IP
cores) to be programmed on to the PL. The IP cores are designed to be connected to an embedded
processor through the AXI14 — Lite interface. The processor, running Linux operating system, acts as
master and the IP cores as slaves. The software model is generated as an executable, running on the ARM
processor under Linux. Furthermore, a software interface model is generated with IP core driver blocks
for the processor to be able to interact with the hardware. This software model is essentially AXI14 — Lite
write and read register blocks. The processor will read to and write from the registers to interact with and
control the IP cores based on the implemented software model.

Blocks outside the Simulink HDL subsystem will be realized as the software model. This introduces the
design challenge of what elements will be placed in the model for software implementation and what
elements will be placed in the model for hardware implementation. This is an evaluation which depends
on the complete system. Algorithms which require fast executions such as high — bandwidth control
should be implemented as hardware logic to utilize the speed and parallelization possibilities. For
example, systems like MMC, where PWM gate signals should be sent simultaneously to all submodules,
the modulation logic should be implemented on hardware rather than sequential — based software
implementation on processor. Secondly, for algorithm implementation on hardware such as FPGA, a
compromise between hardware resource use and performance based on the data type (fixed point vs.
floating point, word layout and quantization) used for the algorithm must be thoroughly analyzed. The
Fixed Point Tool in MATAB proposes fixed — point data types that maximize precision and cover the
required data range, and can be used for analyzing optimal fixed — point data types [41].

The Simulink model blocks must be adapted to the specific data type which is needed for the design.
HDL Coder support both native floating — point code generation and fixed — point code generation, and
allows for isolating operations that need floating — point while keeping the rest of the algorithm fixed
point for the most optimized implementation. Optimization of fixed — point data types is not discussed
further in this thesis.

The model — based workflow (Figure 58) has been used in this thesis to look at execution time and
hardware resource use of the discussed algorithms. The algorithms have been tested through simulation in
Simulink in both the continuous and discrete time domain, transformed into specific data type models and
then synthesized into IP cores and C — code to look at the algorithm resource use and execution time on
the processor and FPGA.

Due to time restrictions for this thesis, only execution time of the repetitive controller was investigated for
software implementation, while both repetitive control structures and proportional resonant control were
implemented on hardware and investigated for resource use and critical path estimations.

88



—> HW —>
— Design |y

SW

Simulink Model

5 S\-'\{ IO |
Dnver
—|Blocks

SW
SW Interface Model

SwW
Build

IP Core
Generation

Generate SW
Interface Model

AXI Lite
Accessible
Registers

Algorithm from
MATLAB and
€ Simulink

h 4

FPGA IP Core

External
Ports

Embedded
System
Integration

Processor

ANI4-LitzBus

Algorithm
AXILite gort

Acceszible
Resigsters fg—I

—>

JATLAB and
Simulink

I
External

Ports

Embedded System Project

FPGA

Bitstream

Figure 58 - Model based design workflow for algorithm implementation on MicroZed [5].

The generated C/C++ and HDL codes are automatically generated by the mentioned software tools. Even
though the tools allow for advanced optimization and configuration options, further optimization should
be investigated by the designer. Code optimization is not investigated to an extensive degree in this thesis.

An optimization analysis could reduce code size, execution time and resource use.

A block — diagram showing the MicroZed layout, bank assignment and interconnection between the PS

and PL of the Zyng — 7020 can be found in Appendix - C. IC Specifications.
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5.1. Software Implementation

The Simulink control algorithms can be implemented as embedded C — code on Zynq — 7020. The
Simulink block — diagram is validated through simulation and the algorithm transformed into C — code
through an automated process using MATLAB Embedded Coder.

5.1.1. Processor —in —the — Loop (PIL)

Processor — in — the — Loop (PIL) is a method used to validate the embedded control algorithm
performance and execution time. The control algorithm is run on the Zyng ARM — processor rather than
the host processor which is running the simulation. Instead of reading physical sensor values, the sensor
values are calculated by the simulation as a result of the specific plant model and used as inputs to the
embedded algorithm. The outputs from the embedded control algorithm are fed back into the simulation,
contributing to the reference generation.

While running the simulation, execution profiling for the generated code is used to verify different aspects
of the code, like [42]

- Determine whether the generated code meets execution time requirements for real — time deployment
on the target hardware (the Zyng ARM — processor in this case).
- ldentify code sections that require performance improvements.

By configuring the model for code execution profiling, generate the code and run a PIL simulation, the
performance can be analyzed through code execution profiling plots and reports. For the optimal series
RC algorithm, the time used for each execution over the complete simulation period of 0.5 seconds is
shown in Figure 59.

=107

1.9439

17439 uinbibbeloidhsibeniuba FRRTRPONEPOTW PN VIR WA (1 WA

15439 1 1 1 | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Simulation Time [s]

Figure 59 — Execution time of individual executions of the embedded algorithm.
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Average and Maximum execution time is shown in Figure 60.

v [&
Block: Model
Maximum Average| Maximum Self Average Self Calls
Execution Time | Execution Time Time Time

rep_controller_p_initialize
2685 I 2685 | 2685 | 2685 | 1| Eem

rep_controller_profili_Init
6072 \ 6072 | 6072 | 6072 | i EHem |

rep_controller_profilingTIDO [1e-06 0]
(25380 1423 25380 | 1423 500001 | G4

rep_controller_profilingTID1 [5e-05 0]
41319 [ 17| 41319 | 17167 | w0001 | E4E |

View full code execution profiling report

Figure 60 - Average and maximum execution time.

An average of t, =17.167 [us] and maximum of t,, =41.319 [us] is observed. An important remark

here is that this execution time is including the time needed for transmitting data between the simulation
host PC and the processor where the algorithm is running. Data is transmitted via an ethernet cable,
adding significant delay which should not be ignored in this case. To find the delay time, a PIL simulation
including only a transmitting block (i.e. no arithmetic operations) is run and profiling executed.

The average transmission delay is observed to be 1.101 [xs], yielding the algorithm execution time to be
t, =17.167-1.101=16.066 [us]

With the sampling time T, =1/20000 =50 [us], the algorithm executes well below the max execution

time T_,. (equal the sampling time step for the given modulation strategy) for these system settings.

calc

91



5.2. Hardware Implementation

The PL partition can be used for algorithm implementation to offload the processor, increase algorithm
execution speed and/or if special considerations like many 1/O capabilities are required. Complex
algorithms may require significant execution time when running as embedded code on processor due to
their sequential nature. The processor breaks op the code into sequences and execute each sequence one
at a time at each time step. As described in chapter 3.1.4 on selection of sampling time, there is a

maximum calculation time T_,. allowed for processing the control algorithm before the modulation

calc

function needs to be updated. If the control algorithm execution time T,, exceeds T,

calc?

some action must
be made in order to either reduce T, orincrease T,

calc

The latter can be increased by changing the

modulation method (doubling T, by changing modulation method from a — PWM — double to for

example s — PWM — start (see [19]) for fixed f.) or reducing the carrier frequency f,. Both will have
negative impact on the converter THD performance. Another option is to reduce T_,., which can be done

calc !
by reducing the control algorithm complexity, or by implementing the control algorithm on
programmable logic in for example a FPGA. Due to the option of configuring the processing of the FPGA
in a parallel manner, the entire control algorithm may be executed within a single clock tick. More
realistically, far fewer clock ticks than in the sequential processor, only limited by the algorithm’s critical
path®, Hardware logic design can thus outperform a processor at certain tasks, even at an overall lower
clock rate, due to the parallel design ability. Furthermore, large data volumes can be passed through the
same algorithm because the data can be distributed across parallel execution units built into the PL,
obtaining higher data throughput than with only a processor.

The discussed control algorithm, and Matlab and Simulink v [ HDL Werkilow Advisor

models in general, can be implemented on hardware by v @ L Set Target

using MathWorks® HDL COdeI’TM to generate | ~1.1. Set Target Device and Synthesis Tool
) . ® ® | M.2. Set Target Reference Design

synthesizable Verilog® and VHDL® code. The HDL ] A1.3. Set Target Interface

Workflow Advisor is used to generate HDL code from the v @ 2. Prepare Model For HDL Code Generation

Simulink model and package it into an IP core. The — 2.1. Check Global Settings

| 72.2. Check Algebraic Loops

: - 15 ;
Advisor facilitates RTL"™ code (VHDL or Verilog, VHDL =] ~23, Check Block Compatibiy

will be used for this system) and testbench generation from ] 724, Check Sample Times

a Simulink subsystem, performs synthesis tasks by (@ 3. HDL Code Generation

invoking a SUppOl’tEd third — party synthesis tool (Xilinx I3 3.1. Set Code Generation Options
Vivado Design Suite for this system) and annotates critical ] #3.2. Generate RTL Code and IP Core
path information back to the system. The Advisor generates v (Gl 4. Embedded System Integration

HDL code, but needs a synthesis tool to synthesize, — 4.1. Create Project

implement and generate the bitstream from the HDL code j Zj EZ;;?E;Z?;T:;Z;:M&& Hode!
for FPGA implementation. The Advisor guides the user ] 4.4 Program Tarcet Device
through the necessary tasks for full deployment and

provides feedback on each task, and information on how to Figure 61 - HDL Workflow Advisor automated
modify the model to complete the task if the task fails tasks.

[43].

<

14 Critical path — defined as the path between input and output with the maximum time delay.

15 Register Transfer Language (RTL) is synthesizable HDL code (VHDL or Verilog). HDL code supports constructs
which are both synthesizable (implementable on PL) and non — synthesizable. Non — synthesizable HDL can be
commands such as wait, which is mainly used to make the testbench more powerful.
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The Workflow tasks are shown in Figure 61. The algorithm to be implemented is the optimal series RC.
After successfully running through tasks 1 — 2, running task 3 generates RTL code and an IP core of the
subsystem for the Xilinx Vivado environment. Vivado synthesize and implement the logic design into an
IP core and a bitstream®® generated to be programmed into the hardware. The IP core can now interact
with the Zyng — 7020 processing system. HDL code for both fixed - point and floating — point
representation of the control algorithm is generated, to look at differences in estimated execution time and
required hardware resources.

5.2.1. Fixed — Point Implementation

For fixed point implementation on the FPGA via the HDL Workflow Advisor, an HDL compatible
Simulink model must be utilized. Blocks within the HDL Coder library in Simulink can be used, and the
model requires further considerations of signal generation and processing. For implementation of transfer
functions, the data types need to be changed into the chosen fixed — point format.

Fixed - point data types are represented as “data type=fixdt(Signed, WordLength, FractionLength)” in
MATLAB/Simulink. The parameters to be decided is

1) Signed — 0 (false) for unsigned, 1(true) for signed. Chosen to reflect whether the data needs to be
represented with negative numbers. If the Signed bit is 1, the first bit of the word is reserved for
the two’s compliment mathematical operation. For a word with n bit WordLength and O bit
FractionLength, the possible value which can be obtained are

i) Signed: [-2"", 2" 1]
i) Unsigned: [0, 2" —-1]

2) WordLength — number of bits n in the word.

3) FractionLength — number of fraction bits n;,. in the word. The remaining number of integer bits

after choosing the number of fraction bits then becomes n,, =n—n,.. The integer part is decided
by the max integer value which needs to be represented. For a per — unitized system with control-
ler saturation limits set at for example 2 p.u., the required number of integer bits is n,, =2 as two

bits are required to represent the decimal value 2. The fraction length is decided by the required
precision. The bits to the right of the radix point are fraction bits and the bits to the left are integer
bits, as seen in Figure 62. The higher the fraction length, the better precision may be obtained.

Signed | 2Nl | DMin—2 ol 20 Radix 2-1 272 2 Mrac
bit point
Figure 62 — Word bit layout for fixed - point data type representation.

16 Configuration data describing the logic to be loaded into the FPGA.
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Figure 63 shows the discrete

Simulink block — diagrams "
with data type set to 16 — bit. e : Sl SSIGE RG
The signal name sfix16_En 14
described the signed 16 — bit
word length with 14 fraction
bits. As the error signal will
obtain both positive and
negative values, the signed bit BE—
is set to 1. There is, however, " ,
important to be careful when = ' optimal parallel RC
setting data types within the
repetitive controller transfer  sfxt6_Entd [N sx16_Entd__ /™ sfxt6_Entd s
fuﬁction. With the repetitive — o J\ esum '—)
controller transfer function on

the form Figure 63 - 16 - bit implementation of the optimal series RC (upper) and optimal
parallel RC (lower).

b, bzt bz
1+a, 2" +..+a,2"

G (2)

(0.165)

and the parameters of the series RC defined in (151)Y, none of the coefficients exceeds 1, hence the
integer bit is set to 1. With fixed - point representation, the lowest non — zero number representation

possible is 2 M Fixed - point operations may produce results which has more bits than the operands,
thus information loss is possible. Fixed - point multiplication can potentially result in a number which has
more bits than each of the operands, hence the result must be rounded or truncated which can lead to
precision loss. Multiplying two numbers with n,, integer bits and n,,. fraction bits, the result can have

up to 2n,, integer bits and 2n,. fraction bits. Some fraction precision loss is common in fixed - point,

fractional multiplication. If any integer bits are lost, the value may significantly change, hence great care
must be taken in choosing the output data type of such an arithmetic operation in order to maintain
information [44].

int

7 This is the transfer function for series repetitive control with maximum tuned parameters for both the proportional
and integral gain.
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5.2.2. HDL Code Generation

The HDL Workflow Advisor creates a HDL Code Generation Report through the HDL Coder. The report
estimates the high — level resource use and critical path, and gives an optimization report containing
information on pipelining, the IP core generation and traceability. The High — Level Resource Report
gives an estimate on the logic resources which will be used when the IP core is implemented on the PL.
The report is shown in Figure 64 for 16 — and 32 — bit.

WordLength 16 - Bit 32- Bit
Structure Series Parallel Series Parallel
Multipliers 6 7 6 6
Adders/Subtractors 8 8 8 8
Registers 201 201 201 201
Total 1 - Bit Registers 3216 3216 6432 6432
RAMs 0 0 0 0
Multiplexers 1 1 1 1
I/O Bits 36 36 68 68
Static Shift Operators 0 0 0 0
Dynamic Shift Operators 0 0 0 0

Figure 64 - High - Level Resource Report.

The Advisor further gives an estimate on the critical path, as seen in Figure 65 and summarized in Table
8.

Word Length 16 — Bit 32 — Bit
Algorithm Series RC Parallel RC Series RC Parallel RC
Critical Path [ns] 11.175 8.724 16.552 12.026

Table 8 - Critical path estimates.

Critical Path Delay : 11.175 ns
Critical Path Begin : s_state_out199
Critical Path End : Saturation

Critical Path Details

Id Propagation (ns) Delay (ns) Block Path

1 0.4600 0.4600 s_state _out199
2 4.3860 3.9260 nume_gaini99
3 4.3860 0.0000 s_nume_accl

4 4.3860 0.0000 s_hume_dacc2

5 4.3860 0.0000 s_nume_acc3

6 4.3860 0.0000 output_cast

7 5.7830 1.3970 Sum

8 9.7090 3.9260 Gain

9 11.1745 1.4655 Saturation

Figure 65 - Critical path estimates of series RC 16 - Bit word length.
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e

input_acc_cast

The Advisor further generates an after — transformation Simulink model highlighting the critical path,
shown for the series RC in Figure 66 - Critical path Simulink model, highlighting the critical path in blue
and displaying time delay for each algorithmic operation and delay element which cause delay. Figure 66.
The critical path delay will inherently exist in the programmed hardware structure of the repetitive
controller due to arithmetic operations and physical delays like internal cell delay, wire delay or cell input

capacitance.
idiff > -
N —Pe
-C- f. Sum
Constant

rc_ser_16bit

cp : 2.709 ns cp : 11.1745 ns

Saturation

denomn_acc199

denom_acc200

i out

onver

denom_acc201  denom_scale_by_al slale_casl s_stale_oull s_state oul2 s_slale ould s_slale_outd s_state_oul5 s_slale_outf s_slale_out7 s_slale_oul8 s_slale outd

1 1 1 1 1 1 1 1 1 1
z z z z z z z z z e z

s_state_out196

—

nume_gain198

nume_gain199

1

i
"o : 4.386 ns

nume_gain200

cp : 4.386 ns

-
i .
s_nume_acg1 cp

1]

4.386 ns

s_nume_accZ
B . ISP
5_nume_accd

nume._gain201

: 4.386 ns

1 1
z z

s_state_out197 s_state_out198

cp : 0.46 ns

s_state_out199

NI
[

s_state_out200
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[
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S denom_gain200
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H

denom_gain201
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output_cast

shonvel
]
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Figure 66 - Critical path Simulink model, highlighting the critical path in blue and displaying time delay for each algorithmic
operation and delay element which cause delay. The lower figure is the expanded subsystem of "rc_ser 16bit”.
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5.

3. Xilinx Vivado Design Suite — Design Synthesis and Implementation

The HDL code packaged as an IP core from the HDL Workflow Advisor is implemented into a complete
system design with Xilinx Vivado Design Suite. This block design contains IP cores from all operating
systems, that is algorithm, processing system and interface IP cores. The designed IP cores of both the
series (rc_ser_#bit_ip) and parallel (rc_par_#bit_ip) RC are connected to the Zynq processor (Zynq7
Processing System) IP core through the AXI4 — Lite interconnection (AXI Interconnect) IP core, shown in

Figure 67.
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xt_reset_in
aux_reset_in
ymb_debug_sys_rst
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mb_reset|
bus_struct_reset{0:0)
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t sync_clk
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= dhAXI4_Lite

rc_par_16bit_ip_0

ick_in1 ck_outl
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IPCORE_RESETN

AXI4_Lite_ACLK

) processing_system?7_0_axi_periph :
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ARESETN[0:0)
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_ARESETN[0:0]
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01_ACLK ElmE

101_ARESETN[0:0]
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102_ARESETN[0:0]

MO3_ACLK

MO3_ARESETN[0:0)
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AX14_Lite_ARESETN

; rc_par_16bit_ip
rc_par_32bit_ip_0

IPCORE_CLK

IPCORE_RESETN

AXI4_Lite_ACLK

 MOO_AXId f

AXI4_Lite_ARESETN

Lot = MO1_AXIdb i
M00_ARESETN[0:0] D%D iy

MO3_AXIdp i

| hAXI4_Lite

rc_par_32bit_ip
rc_ser_16bit_ip_0

IPCORE_CLK

IPCORE_RESETN

AXI4_Lite_ACLK

AXI4_Lite_ARESETN

] processing_system?7_0 )
DR |
FIXED_10¢: ||}
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——
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{2 DDR

{2 FIXED_IO
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FCLK_RESETO_N| B

IPCORE_CLK
IPCORE_RESETN
AXI4_Lite_ACLK
AXI4_Lite_ARESETN

ZYNQ?7 Processing System

rc_ser_32bit_ip

Figure 67 - Xilinx Vivado system block diagram.

The Clocking Wizard IP core provides the correct clock frequency for the FPGA, by transforming the
processor clock frequency to the designed FPGA clock frequency. The Processor System Reset IP cores
provides reset signals for the AXI Interconnect and the repetitive controller IP cores.

By running Vivado implementation, the IP cores represented in the block diagram are synthesized into a
programmable bitstream. The implementation provides a utilization resource report from the
implementation — run shown in Figure 68 and Figure 69, giving more in — depth estimates of the resource
use of the IP cores in addition to the high — level resource estimation from MATLAB HDL code
generation. Exact resource use can, however, not be known until the bitstream is programmed into the
FPGA.
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Name (Total) Slice LUTs (53200) |Slice Registers (106400) |Slice (13300) |LUT as Logic (53200) |LUT as Memory (17400) LUT Flip Flop Pairs (53200)  |DSPs (220)
design_rc_imp_wrapper 2925 2490 1152 2213 712 3898 61
design_rc_imp_i 2925 2490 1152 ‘ 2213| 712 3898 61
clk_wiz_0 (Clocking Wizard) 0 0 0 0 0 0 0
processing_system7_0 (Zynq7 Processing System) [1] 0 01 0] 0 0 0
processing_system7_0_axi_periph (AXI Interconnect) 597 723 243 530 67! 782 0
rc_par_16bit_ip_0 (16 - Bit parallel RC IP Core) 257 369 149| 152| 105 469 7
rc_ser_16bit_ip_0 (16 - Bit series RC IP Core) 860) 497 320 643 217 1087 24
rc_par_32bit_ip_0 (32 - Bit parallel RC IP Core) 284 371 159] 179] 105 529] 6
rc_ser_32bit_ip_0 (16 - Bit series RC IP Core) 910 499 324 593 217 1072 24
rst_processing_system7_0_50M [Processing System Reset) 17 31 11| 16/ 1 22 0
Name Slice LUTs Slice Registers |Slice LUT as Logic |LUT as Memory |LUT Flip Flop Pairs
design_rc_imp_wrapper 5.50% 2.34% 8.66% 4.16% 4.09%) 7.33%
design_rc_imp_i 5.50% 2.34% 8.66% 4.16%! 4.09%)| 7.33%!
clk_wiz_0 (Clocking Wizard) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
processing_system7_0 (Zynq7 Processing System) 0.00% 0.00% 0.00% 0.00% 0.00%, 0.00%
processing_system7_0_axi_periph (AXI Interconnect) 1.12% 0.68% 1.83% 1.00% 0.39%)| 1.47%
rc_par_16bit_ip_0 (16 - Bit parallel RC IP Core) 0.48% 0.35% 1.12% 0.29% 0.60%)| 0.88%
rc_par_32bit_ip_0 (32 - Bit parallel RC IP Core) 1.62% 0.47% 2.41% 1.21% 1.25% 2.04%
rc_ser_16bit_ip_0 (16 - Bit series RC IP Core) 0.53% 0.35% 1.20% 0.34% 0.60%)| 0.99%!
rc_ser_32bit_ip_0 (16 - Bit series RC IP Core) 1.71% 0.47% 2.44% 1.30% 1.25% 2.02%!
rst_processing_system7_0_50M (Processing System Reset) 0.03% 0.03% 0.08%! 0.03%! 0.01%)| 0.04%
Figure 68 - Resource utilization of system IP cores.

12.00%

10.00%

8.00%

6.00%

4.00%

2.00% II
Slice LUTs Slice Slice LUT as LUT as LUT Flip DSPs
Registers Logic Memory FlopPairs

mrc_par_16bit_ip_0 (16 - Bit parallel RC IP Core)

Mrc_ser_16bit_ip_0 (16 - Bit series RC IP Core)

rc_par_32bit_ip_0 (32 - Bit parallel RC IP Core)

rc_ser_32bit_ip_0 (16 - Bit series RCIP Core)

Figure 69 - Resource utilization of the control algorithms at 16 and 32 — bit word lengths.

The main contribution for the difference in the resource use is in the use of integrated DSP*® slice IP cores
(termed DSP48EL1 in Zynq, see Figure 70). Increasing the word — length have great impact on the use of
DSP slices. This is because the default MACC takes 18 and 25 — bit input word lengths. For any word
length greater than this, additional MACC’s need to be used corresponding to the word lengths of the
data. This is also observed in the High — Level Resource Report generated by MATLAB.

18 DSP — Digital Signal Processing — a term applying broadly to continuous mathematical processes attempted in
real — time, such as digital filtering, convolution and Fast Fourier Transforms. In the case of DSPs for the program-
mable logic of the Zyng 7020, this refers to 18x25 MACCs (18 bits times 25 bits Multiply/Accumulator) DSP slices.
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pre-adder 48
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Figure 70 - Arithmetic capabilities of the DSP48E1 slice. Various computations are possible, involving one, two
or all three arithmetic operators[4] .

5.3.1. Proportional — Resonant Controller Implementation

The discussed PR controller tuned to 2@, and 4w, (eq. (163)) is implemented with 16 —and 32 — bit data

types with similar procedure as for the repetitive controllers. Critical path of the discussed algorithms is
shown in Figure 71.

25
19.81
20
. 16.552
w
= 15 13.951
=
o 11.175 12028
"
=10 B.724
=
]
5
Paraliel RC SeesRC PR Parallel RC Series RC PR
16 - Bit 32 -Bi

Figure 71 - Critical path summary.

and resource utilization report of the IP cores of RC and PR fixed — point implemented algorithms shown
in Figure 72.
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Name (Total) Slice LUTs (53200) |Slice Registers (106400)  |Slice (13300) |LUT as Logic (53200) |LUT as Memory (17400) LUT Flip Flop Pairs (53200)  |DSPs (220)
design_rc_imp_wrapper 2925 2490 1152 2213 712 3898 61
design_rc_imp_i 2925 2490 1152 2213 712 3898 61
clk_wiz_0 (Clocking Wizard) 0 0 0. 1] 0 0| 0
processing_system7_0 (Zynq7 Processing System) 0| 0| 0] 0 0 0 ]
processing_system7_0_axi_periph (AXI Interconnect) 597 723 243 530 67 782 0
re_par_16bit_ip_0 (16 - Bit parallel RC IP Core) 257 369 149 152 105 469 7
rc_ser_16bit_ip_0 (16 - Bit series RC IP Core) 860 497 320 643 217 1087 24
rc_par_32bit_ip_0 (32 - Bit parallel RC IP Core) 284 371 159 179 105| 529 [
re_ser_32bit_ip_0 (16 - Bit series RC IP Core) 910| 499 324 693 217 1072 24
pr_2_4_32bit_ip_0 (16 - Bit PR) 705 270 248 705 0 824 36
pr_2_4_16bit_ip_0 (32 - Bit PR) 120 138 75 120 0 214 10
rst_processing_system7_0_50M (Processing System Reset) 17, 31 11 16 1 22 0
DSPs
LUT Flip Flop
Pairs
LUT as
eme r
LUT as Logic F
e F
Slice
Registers
Slice LUTs F
0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00% 14.00% 16.00% 18.00%

100

Bpr 2 4 32bit ip 0(16- BitPR IP Core)
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Figure 72 - Resource utilization report number of total available (upper) and percent (lower).




5.4. Floating — Point Implementation

For algorithms which require high dynamic range with good precision, floating — point implementation
usually yields better results. However, floating — point arithmetic operations require more logic and clock
resources, resulting in longer algorithm execution time and more hardware usage. Instead of reserving
specific number of bits for integer and fraction, floating — point representation reserves a specific number
of bits for its mantissa and exponent. Fixed - point data type represents a number approximately to a fixed
number of significant digits (significand) and scaled using an exponent in some fixed base. According to
IEEE Standard 754, the single precision native'® floating — point requires 32 — bit word length, and is
structured as [45]

Signed S Exponent E | Mantissa M
1 bit 8 bits 23 bits

number = (—1)8- 2 5 (1M)

Base Significand

The maximum and minimum representable IEEE 754 floating — point value is ir(2 - 2’23) 2% &

+3.402823-10% and +27%° .1~ +1.175494-10"%, This gives from 6 — 8 significant decimal digit
precision, meaning a decimal number with 6 or fewer significant digits may be represented with single —
precision without loss of information. Depending on the precision type, floating — point gives better
precision and higher dynamic range than fixed - point representation (for example, a two’s compliment 32
— bit fixed — point may give a fraction precision of 2" with 0 integer bits, trading fraction precision
against obtainable magnitude/range).

The resources needed for a hardware implementation of a floating — point algorithm and execution time,
on the other hand, is usually much higher for floating — point arithmetic operations and processing than
for fixed — point.

The series RC algorithm is implemented in single precision floating — point through similar steps as
described for the fixed — point algorithm implementation. The HDL Workflow Advisor creates
synthesizable HDL code based on the block diagram showed Figure 75. Similarly to fixed — point
implementation, a high — level utilization report is generated by MATLAB based on the HDL code seen
in Figure 74.

1% The term native floating — point causes all floating-point data items to use IEEE Standard 754.
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Summary Section

Critical Path Delay : 1.700 ns
Critical Path Begin : Saturation_LowerConst
Critical Path End : Data Type Conversion

Critical Path Details

Id Propagation (ns) Delay (ns) Block Path

1 0.0000 0.0000 Saturation_LowerConst
2 1.0580 1.0580 Saturation_Switch1

3 1.7000 0.6420 Saturation_Switch2

4 1.7000 0.0000 Data Type Conversion2

Figure 73 - Critical path - report of floating - point implemented series RC.

The Critical Path — report seen in Figure 73 gives an estimate of the critical path time delay posed by the
algorithm. However, not included in the report is the delay matching. The delay matching is included in

the Simulink model seen in Figure 76 as z™ and z™*. The arithmetic block comprising the repetitive
controller transfer function require complex hardware algorithms. For the corresponding hardware
implementation to stay cycle — accurate with the Simulink model, the hardware algorithm must compute
in the same clock cycle as it does in Simulink. If both the RC transfer function and the unity forward path
execute in one clock cycle in Simulink, they should execute in one clock cycle (the hardware clock
frequency is different from the Simulink clock cycle) when run on hardware. Depending on the
complexity of the hardware implementation of the block, the hardware algorithm will deviate in execution
time from what it does in Simulink. MATLAB implements the stated delays to account for this and
maintain equal system dynamics as the original Simulink model [46].

The delay added depends on the value set to be the hardware clock frequency?’, which in this case is set to
f., =100 [MHz]. The total critical path is then calculated to be

t,, =1.7 [ns]+(3+44)-10 [ns] = 471.7 [ns] (166)

Multipliers 7
Adders/Subtractors 145

Registers 1370

Total 1-Bit Registers 21739

RAMs 0

Multiplexers 1196

1/0 Bits 36

Static Shift operators 23

Dynamic Shift operators 40

Figure 74 - High - Level Resource Report for floating - point implementation.

20 The Clocking Wizard IP Core is used to configure the clock frequency for the hardware algorithms. It takes the
ARM processor clock as input and outputs the wanted hardware clock frequency.
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double sfix16_En14 sfix16_En14
‘ﬁu > Convert — idiff v - l:l

Sine Wave Data Type Conversion Scope
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idiff - v
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RCnfl

single
& .

idiff

Sum Gain

Figure 75 — Simulink block diagram of floating — point data type implementation of series RC.

Subsystem RCnfp is expanded from the top to bottom.

-C-
Saturation_UpperConst 4:.—;R
i _' . X v*_descrete
- Saturation_LowerRelop Saturation_Switch2 Data Type Conversion

Saturation_LowerConst 1 ‘ »
Baturation_UpperRelop|
idiff v Saturation_Switch1
idiff

' Data Type Conversion RCnfp

delayMatch

nume_gain189_const
_g _( nume_gain199 s_nume_accl

s_nume_acc2

delayMatch

i c3
nume_gain201 detayMatch 5~
denom_scale_by_a0 denom_gain199 rd_7

denom_gain199_const rd_0
d_11
o denom_acc199 Sum
denom_acc200 -C- > . .
idiff denom_gain200_const
denom_gain200 rd_1
L |
delayMatch2 |

Figure 76 - Equivalent Simulink model of critical path delay. Blue colored block are delay imposed by arithmetic operations,
while the orange blocks are delay matching block which are added as delay for the algorithm to work as expected. Lower model
is the expanded subsystem RCNFP seen in the upper model.



6. Hardware Design and Laboratory Set Up

This chapter describes the design of the hardware setup of the MMC. Schematic diagrams and board files
are designed and created with Eagle PCB design.

6.1. The Modular Multilevel Converter

The configuration of the MMC converter consist of 3 submodules in each leg, comprising two half —
bridge submodules per card. The positive pole of the upper arm is connected to the positive DC — link
pole and the negative pole of the lower arm connected to the negative DC — link pole. The neutral point of
the leg is connected to the load and the load neutral is connected to the neutral of the DC — link, as shown
in Figure 1. A system overview is shown in Figure 77.

The submodule is designed as a full — bridge converter and used as half — bridge submodules for MMC
applications, yielding 3 submodules per arm and 6 per leg. The advantages for both full —and half —
bridge topologies is mentioned in the chapter 2 and can further be reviewed in [8]. The design is made
based on approximate electrical characteristics of Table 9.

Parameter Rated Value
3 — Phase Power R, =12 [kW]
Max Submodule Power Psumax =5 [KW]

DC — link Voltage Ve =700 [V]
Submodule Voltage Vo =230 [V]
Phase Voltage (L-N RMS) V=250 [V]
Submodule Capacitance Csu =1[mF]
Arm Inductance L,, =5[mH]

Fundamental Frequency f, =50 [Hz]
Switching Frequency f, =1000 [Hz]

Table 9 - MMC electrical characteristics.

6.1.1. MicroZed

The MicroZed™ development board is used to interface the Xilinx Zynq® -7000 All Programmable SoC
to the converter. The MicroZed contains two 1/O headers which provides connection to two 1/0 banks on
the PL side of the SoC. An external power supply, provided by the interface card, is needed to activate
these banks through MicroHeader 1,2, as seen in the block diagram of Figure 78.
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A description of the analog circuitry is given in the following section and the Eagle schematics is found in
Appendix. The schematics is divided in to separate sheets to give a better overview.
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Sheet 1

This sheet shows the submodule input/output pins together with the DC — DC converters for the
power supply. There are 24 pins, where 12 of them are connected to analogue ground. The other pins
are either output (signals from submodule to control) or input (signals to submodule from control)
and are explained in Table 10.

Pin Number Label Description
1,3,57 | Gij(ij=(1-2, 1-2)) Input to gate driver. Gate driver signals (PWM — pulses)
received from the controller.
9 RESET Input to gate driver. Resets FAULT output HIGH to enable
operation.

11 ENABLE Input. Enables switch pulses (see sheet 2).

13,15 FAULT SM Output from gate driver fault pin. Notifies Zynq about fault

- condition when goes low.
17,19 VDC1,.2 Output. Submodule capacitor voltage measurement signals.
21,23 24VCC 24 volts submodule components supply.

Table 10 - Pin description.

The 24 volt supply is inputted to 3 different converters, the TSR 1 — 2450 providing non — isolated
5V, the TME 2505S providing isolated 5V and the MGJ2D242005SC providing +20, 0 and -5V
isolated for the semiconductor switch gate voltages (+20 turn on, -5 turn off). The supply offering
isolation is used for IC’s requiring isolation from the submodule power supply and the non — isolated
is used where this is not needed.

Sheet 2

The left circuit of the sheet shows the implementation of the dead — time generation for the upper
switch pair needed to avoid short circuit the capacitor through the upper and lower switch. Gate
signals for the gate driver IC are doubled, where one of the identical signals is delayed with an
analog low pass filter before both are AND’ed. Such dead — time delays can also be implemented
digitally via code generation either in software or hardware, where it is easier to change the dead —
time opposed to the analog circuit described. For changing the dead — time in the analog circuit, the
values of R and C must physically be changed.

The right circuit shows the enabling function of the gate signals. The gate signals are AND’ed with
the enable signal, thus only outputting gate signals when both inputs are high.

Sheet 3

Sheet 3 shows logic circuit for fault handling. The 74HC04D inverter is used to get the correct
normal level of the fault signals. Fault signals are AND’ed using the 74ac08d AND gate IC.

Sheet 4

Sheet 4 shows the two switch configurations comprising one complete full — bridge topology, or two
separate half — bridge topologies. The upper switches (Q1,3) is connected to the positive pole of the

submodule capacitor, and the lower switches (Q2,4) to the negative pole. The switches take the gate

signals GS11, GS12, GS21, GS22 from the gate driver circuit.
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Sheet 5

Sheet 5 shows the schematic for the gate driver circuits. The specific circuit configuration is based
upon design recommendations given by the supplier of the gate driver IC. The gate driver IC chosen
in here is the HCPL — 316J and the circuit design recommendation for an application circuit can be
found in the datasheet. The circuit is configured to provide stable 1C supply voltage and stable turn —
on/off voltages at the level and timing required by the semiconductor switch. The DSAT pin of
HCPL — 316J provides fault protection. The pin monitors the collector — emitter voltage. If the

voltage exceeds 7V, the gate voltage VOUT is slowly lowered and the FAULT output goes low.

Sheet 6

This sheet shows the circuit layout for the voltage measurement of the submodule capacitor voltages
(VDC1,2). Two IC’s are used in this circuit. U$19,20 are ACPL — 7900 — 300E optically isolated
operation amplifiers. The ACPL — 7900 provides analog isolation between the submodule capacitor
voltage and rest of the signal conditioning circuitry. The isolated measurements are further inputted
to LM358D operational amplifier, which provide the proper value of the DC — voltage through its
gain for transmission to the Zynq — controller.

The following calculations provides a guideline for the necessary components values. With the
components in the schematic layout of the voltage measurement in sheet 6, and the submodule

voltage V. (t) as input, the voltage divider provides the voltage at R,

R
v (t)= 0y (t
ore () R +R. ()

The combination R, and C_, is an analog RC low — pass, anti — aliasing filter for the ADC,
providing the cut — off frequency

_ 1
co,F1 27R.C.,

The gain of the ACPL — 7900 has a nominal gain of G, =8.2 with the max/min range
€(8.16,8.24). The positive v, (t) and negative v, (t) output of the ACPL — 7900

out out

(V;ut (t) ~Vout (t)) =Gy (V:r: ~Vin )

is fed to the LM358D op — amp, which is configured to a single — ended, ground — referenced
differential amplifier. The output voltage obtained from the LM358D with this configuration then
becomes

-\ & + R Re+R, | Rig2 [ . e
VO (t) - Vout (t) R16 + Vout (t)( R18 N R13 j( R16 j_ R16 (Vout (t) Vout (t))

The resistor and capacitance values are design choices to be made to meet the voltage levels. The
design should further be evaluated based on application recommendations from data sheets of the
specific I1C used.



6.1.2. Interface Card

The interface board harbors the ADC’s, voltage and current protection circuitry and provides isolation
between MicroZed and outer electronic circuit.
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Sheet 1

Sheet 1 shows the schematic for the current transducer LEM LA — 55p, the carrier cards
(UZ_BOCC) and three power supplies. The TDK Lambda provides isolated 5V for IC’s requiring
isolated power supply, the Recom R — 78B provides non — isolated 5V for IC’s which don’t require
isolation and LMR10510 provides isolated 3.3V for the MicroZed. The LMR is non — isolated, thus
requires an isolated voltage supply provided by the TDK Lambda.

In the MMC, the upper and lower arm currents need to be measured. The current transducer LA —
55P from LEM is used. Given in data sheet, the current consumption for the transducer is

I, =10(@+U,)+ I, [mA], with the supply voltage U = *15 [V] (+12...+15 recommended). The
conversion ratio is K =1:1000, giving a secondary current of |, =K I, . The peak power
consumption of the LA — 55P should be calculated as

P =U_ I,

With a measuring range of 1 =70 [A], the peak power consumption is calculated to be

P, =30-(0.010+0.070) ~ 2.4 [W] . Thus, a 3 [W] DC/DC converter outputting +15 [V] is

necessary to allow maximum measurement range. The electrical characteristics of the hardware
platform used for the design yields a peak phase current of 11.4 [A]. The complete measuring range

is thus not necessary during normal operating conditions. A wide measuring range is, however,
advantageous to account for possible overloading and fault conditions.

Sheet 2

Sheet 2 shows the circuit configuration for the PWM — signal isolation. The ADUM7640 6 —
channel, bidirectional digital isolator is used for isolating these signals.

Sheet 3

Sheet 3 shows the circuit layout for the AD7606 ADC, and the isolation of operational signals and
the digital sensor values provided by the ADC. The AD7606 is a 16 bit, 8/6/4 channel, simultaneous
sampling Analog-to-Digital Data Acquisition system (DAS) and the isolation IC is the digital
isolator ADUM7640.

Sheet 4

Sheet 4 shows the circuit layout for isolation of the fault signals using the digital isolator
ADUM7640

Sheet 5

Sheet 5 shows the protection circuit. This circuit is used for over — voltage protection. The measured
submodule capacitor voltage is compared with an upper and lower limit for which the LM339N
comparators trigger. Each submodule capacitor voltage is measured and each comparator trigger —
signal is AND’ed such that if either one of the voltage go out of range, a fault signal is given.



7. Conclusions

This thesis investigates methods of suppressing the circulating current generated in the MMC. Significant
amplitudes of even multiples of the fundamental frequency component, especially the second, are present
in the circulating current with no circulating current control applied. The current does not contribute to
energy transfer from DC to AC side. It causes significant power loss and adds additional electrical stress
on power switches and passive components.

The main technigue investigated for circulating current suppression is plug — in repetitive controller (RC)
with PI control. The RC is investigated as plug — in structure with both a PI controller (the system
nominal controller) in series (series RC) and parallel (parallel RC). The main emphasis has been on
digital implementation of repetitive control structures. Stability analysis has been carried out in the
discrete time — domain and tuning — guidelines for the repetitive and nominal Pl controller presented. The
RC structures are compared to proportional resonant (PR) and pure PI control. It is shown through
simulations in Simulink® that both series and parallel RC yields lower steady — state error compared to
pure Pl and PR tuned 2w, and 4, . An optimal design for the repetitive controller is concluded, that is

plug — in repetitive control with a proportional nominal controller in series, termed optimal series RC.

The optimal series RC yields a RMS steady — state error of 0.03 [A] compared to 0.1 [A] for the PR
tuned to 2w, and 4w, , 0.2 [A] for maximum tuned Pl and10 [A] without any circulating current control
enabled.

The settling time is decreasing for increasing nominal controller gains k, and RC gain k, . The settling

time is found to be 20 ms. for the optimal series RC. No overshoot is observed for the investigated RC
control structures.

The series RC algorithm is synthesized into C code for ARM processor execution. The algorithm
execution time is obtained through Processor — in — the — Loop (PIL) simulation. The execution time of
the optimal RC design is below the allowed control calculation time T_,. for the given sampling period

calc
with good margin. This means that other algorithms, for example the capacitor voltage balancing
algorithm, could be implemented on the processor as long as the total execution time does not exceed
T... =T, with adequate margin. This would better utilize processor resources and free up hardware

calc

resources for other algorithm hardware implementations.

The algorithms series and parallel RC, and PR tuned to 2@, and 4, is implemented on Artix7 FPGA.

This study is performed to look at the utilized hardware resources and to estimate critical paths of the
algorithms. The IP core and critical path estimates of the algorithm was obtained from HDL workflow in
Simulink®. The algorithm resource utilization was obtained from synthesis and implementation using
Xilinx Vivado. The algorithms are implemented as both 16 — and 32 — bit fixed — point, and the series RC
is implemented as single precision floating — point.

The PR control structure demands high hardware resources compared to series and parallel RC for fixed
point implementation. As expected, all hardware entities (that is, LUTs, DSPs etc., see Figure 72)
increase their utilization as the word — length increase. Most of the resource utilization, and the largest
percent — wise increase when increasing the word - length, lays with the DSPs. This is expected due to the
inherent 18x25 MACC DSP configuration of the Zynq Artix7 FPGA (see Figure 70). When inputs go
above the word lengths 18 and 25 bit, the number of DSPs need to be increased to accommodate the
increased signal width.
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The same trend is seen for the estimated critical path. The time delay increases for increasing word —
length, and is highest for 32 — bit PR. When increasing the word — length, the arithmetic operations gets
more frequent as the DSPs increase, hence a higher, estimated delay is seen.

Floating — point hardware implementation results in increased resource utilization and critical path delay,
which is expected due to more complicated and frequent arithmetic operations.

Even though the trend for controlling VSC has been towards the use of floating — point DSPs, fixed —
point DSPs and FPGAS/ASICs are cheaper, draw less power per arithmetic operation and generally have
shorter algorithm execution time [25]. Furthermore, with the use of a combined software/hardware system
such as the Zyng — 7000 All Programmable SoC series, it is clear that both fixed — point and floating —
point algorithms should be investigated and analyzed to conclude on the best control algorithms for best
overall system performance.
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8. Future Work

- Quantization and optimized fixed — point design of the algorithms for hardware implementation.

For the performance of fixed — point algorithms to be comparable to floating — point algorithms, the issue
of quantization should be properly addressed. The investigated word — lengths for fixed — point were 16 —
and 32 — bit for series/parallel RC and PR implementation. The investigated implementation for single
precision floating — point was series RC. The investigated parameters were limited to resource utilization
and critical path estimations. The fixed — point performance, however, was not investigated. For sampling
rates much higher than the resonant frequency, fixed — point implementation of resonators such as the
resonant filter and repetitive control, demands special attention to avoid quantization noise. Proper filter
realization, such as DFIIt?! [25], should be investigated further to obtain optimal numerical properties for
fixed — point implementation.

The number of fraction bits has great impact on the accuracy and the algorithm performance. A wider
range of word — lengths and fraction — bits should be investigated to yield optimal performance for fixed —
point algorithm implementation. MATLAB Fixed Point Tool is an accelerating design tool for such
processes.

- The repetitive controller under varying frequency conditions

In real systems, variations in the real period time of the circulating current may occur due to for example
transients and load variations affecting the fundamental frequency. The repetitive controller has proven
performance for N, =T, /T, but any variations in T, could lead to performance degradation. As seen in

Figure 79, small variations in the frequency leads to large variations in the gain of the internal model,
and a similar effect is seen in the closed — loop system phase [29]. This can be addressed in several
ways, for example varying sampling approach or high order repetitive control design methods [29, 47,
48].

- Further algorithm investigation

A complete evaluation of controllers for sinusoidal tracking/rejection should be analyzed and investigated
for implementation on software/hardware and run on the hardware platform to asses real — life
performance. PR control should be tuned to more frequencies to make the control performance more
similar to RC. This allows for a more accurate comparison between the two algorithms. Furthermore,
different control algorithms for closed — loop voltage control should be investigated. Arm — energy
controllers and techniques for open — loop voltage control, such as predictive control and estimation
techniques for the submodule voltages ripple, should be investigated.

The voltage balancing algorithm and the chosen modulation technique should be analyzed in similar ways
as is done for the circulating current control algorithms. As the PWM ideally should be implemented on
hardware logic to ensure fast gate signaling, the modulation algorithm should particularly be investigated
for resource utilization and critical path delay. This is to ensure proper system performance and that
adequate hardware resources are available for implementation.

2 Direct Form Il transposed.
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Figure 79 - Frequency response of internal model.

- Hardware platform

The hardware platform should be completed and experiments must be carried out for the investigated
control methods to suppress the circulating current. Comparison with other promising control techniques
within different scenarios must be investigated.
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Appendix

A. Simulink Simulation Block Diagram

A. 1. Electrical System
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Figure 80 — Top view of Simulink MMC simulation model (upper), expanded upper arm (lower left)) and the half — bridge
configuration comprising one submodule (lower right)
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A.2. Control and Modulation System
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Figure 81 - Top view of control system block diagram (upper). Expanded “Insertion Index Generator Direct Voltage Modulation
PD PWM?” block diagram in Simulink (lower)
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A.3. Fixed — point HDL Compatible Simulink Algorithms
A.3.1. Control System Overview

The Zynqg — 7020 is capable of a maximum clock frequency of f., =667 [MHz] [40]. To avoid high —

frequency noise, the clock frequency for the control structure used is chosen to be f, =50 [MHz]. For
the represented algorithms, 16 — bit word lengths are used.

A.3.2. Triangular Carrier Generation

The triangular carrier consists of two sawtooth waves with respectively incrementing and decrementing
count values at twice the frequency of the wanted triangular carrier frequency. The decrementing
sawtooth is subtracted from the incrementing sawtooth at the time count of one sawtooth waveform
period and half the wanted triangular carrier period. With a n bit HDL counter, the counter’s maximum

count value is b, =2" —1. A built —in HDL counter, which wraps around to zero when the limit — value
is reached, is used. With the step size of 1, the counter increments the count value at every clock period
time step T, =1/ f,, =2-10"° [s]. For a specified triangular frequency f,; and clock frequency f,, ,
the value the counter must count to, to reach half the period of the triangular carrier is

By = round (ﬁJ (167)

© i
The required counter word — length becomes
n=ceil(log(b)/log(2)) (168)

Where “ceil” is a function which rounds the input to nearest integer in the direction of positive infinity.
To get the desired triangular wave, a switch is used to output the incremental sawtooth the first half of the
wanted period (switch selector is HIGH) and the decremental sawtooth the second half of the wanted
period. To achieve this, a pulse generator is pulsating at 2- f_. . The desired count value of the pulse —

generating counter becomes

tri

byuse = round (EJ (169)

tri

With the necessary word length
Moo = ceil(log(2-bpu,se)/Iog(2)) (170)

The counter value is passed through the MATLAB function given in Figure 82.
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[lfunction y = fen(u, b sawtooth)
%#codegen

if u<=cast (b_sawtooth, 'uintlé')
y=cast (1, 'uintlé'):;

else
y=cast (0, "uintl6"');

~end

Figure 82

When the counter value reaches the value b, , the function outputs 1, else 0. This ensure that the
pulse will have the proper high - time

Thigh =b

sawtooth

Tai (171)

enabling the switch to switch at the correct time. The “cast” function is used to ensure the values
outputted and inputted are unsigned 16 — bit integers. (fig) Shows a simulation example with

fy =50 [MHz] and f,; =4000 [Hz].
b_sawtooth
Sawtooth Count Value
L 4 P I
L s
i | & E Triangular Carrier
count - Tr a
>
Decremental Sawtooth
Sawtooth
HDL Counter
Incremental Sawtooth !
t » » bool * »
= i ‘ 2 S Switch Selector Pulse
fcn
Scope

Pulse Generation
HDL Counter

6000

2000 [—

Figure 83 - Simulation model of triangular carrier generation.
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A.3.3. Sinusoidal Reference Generation

The sinusoidal references are generated through Look Up Tables (LUT). Address values are inputted into
the LUT, via the logic shown in (fig). The LUT use a sawtooth wave as input, where the incremental
values of the sawtooth corresponds to the correct output sine value. The addresses are generating by
considering the incremental angle theta

0= jw -dt
(172)
A= -At=27f T,
As the FPGA only comprehends dimensionless data, the values are per — unitized
Aepu 'ebase = 2ﬂfpu : fbase 'Ts
270 fopee - T
MG, = (173)
base
Cfrequency
Where the per — unit system is as follows
per unit ( pu): actual value (174)
base value

By choosing proper base values for the system frequencies of interest and a reasonable sample time

(6., =27 for sine — waves), the actual values are per — unitized. By choosing the following frequency
base value f,,, =50 [Hz], the following values can be obtained by assuming signed 16 — bit system word
lengths (signed n - bit word lengths allow values in the range [2¢ -1, -2 ).
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frequency [Hz] per — unit decimal
100 2 32767
75 1.5 24575
50 1 16383
25 0.5 8192
1 0.02 328




Figure 84 shows the logic of the address generation.
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134d !
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0 D -
8(n)[15..0]
Counter(12]
= clk p--——
address_theta[15..0]

16383,

Figure 84 - Address Generation Logic.

Multiplying f, with the constant C_, ..., gives the real world per — unit value of Ag,,. By multiplying
this by the corresponding decimal value gives Ag,, in terms of binary representation in real world.
Assuming f and C,, .., tobetwo 16 bit numbers, multiplying them yields a 32 — bit number. A slice

block is used to return a field of consecutive bits from the input, where the numbers correspond to the
position of the most significant bit (MSB) and least significant bit (LSB) of the output field. The output
word length is computed as (MSB position — LSB position) + 1. The output from the multiplication is
sliced down to a 16 — bit number. The number is sliced as to keep to the correct radix point of the output
number. The 16 — bit incremental theta address is then inputted to a D — latch which delays the value at
the rate given by the clock, thus adding the previous value to itself to increment the address. The address
value is then inputted to the LUT which is configured to output the sine — value for the given input
address value.
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Figure 85 - HDL compatible sine generation.
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Figure 86 - Simulation run of sine generation.

A.3.4. The Modulator

For this system, the Phase — Disposition (PD) — PWM method is used. The method is explained in Phase
— Disposition PWM and can be realized as a fixed — point model as shown in Figure 88.
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Figure 87 - HDL compatible Simulink model of the voltage sorting algorithm.
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A.3.5. The Submodule Capacitor Voltage Sorting

The gate — signals generated for upper and lower arm in Figure 88 are un — balanced and using these
insertion indexes will lead to diverging submodule capacitor voltages. One method for balancing the
voltages is given in Submodule Capacitor Voltage Sorting. This algorithm can be implemented in
hardware as the Simulink model is shown in Figure 87.

ufix13
coun h Lal T
uint16 uint16 int16 .
1 + p{tri]
- ufix13 .
16bit Counter N2 P+ uintl6
\—’ - PlLaF
ufix15 uint16 boolegn int16
countf—»lu Ay »  boolean 0.5*Ntri*[0:1:N-1]
fcn
N\ Int16 int16 int16
[tri] > - > H »( 1)
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-
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int16 int16
®int16 » - > {] »{ 2 )
e n_|
v_I*

Figure 88 — HDL compatible PD - PWM signal generation for upper n_u and lower n_| arm.

123



B. Eagle CAD Schematics

The following paragraphs shows schematic layouts comprising the designed electric circuitry for signal
processing, IC applications, the power modules of the MMC and interfacing between digital control and
the analog plant. The schematics and board file is generated in Eagle CAD.

B.1. Submodule Board and Interface Card Eagle Schematics
B.1.1. Submodule Board File

The final board file shown is made by professor Lars Norum and Anirudh Acharya and at Department of
Electric Power Engineering NTNU. Contribution to the board file has been made by the author.
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B.1.2. Submodule Schematics
B.1.2.1. Sheet 1
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X3-2 pin is analog ground (AGND) and is common ground between

the interface board and SM board.
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B.1.3. Interface Board
B.1.3.1. Sheet 1
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B.1.3.2. Sheet 2
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B.1.3.3. Sheet 3
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B.1.3.4. Sheet 4
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C. IC Specifications

FUNCTIONAL BLOCK DIAGRAM
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Figure 89 - Functional block diagram of the AD7606 ADC [3].

Electrical data

L Primary nominal rms current 50 A
. Primary current, measuring range 0..£70 A
B, Measuring resistance @ T,=70°C |T,=85°C
RM min RMmax RM min RMmax
with 12 V @ £50A 10 100 (60 95 Q
@ £70A 10 50 (60" 60" Q
with +15 V @ £50A 50 160 |135 155 Q
@ £70A 50 90 [1352135%2 Q
I, Secondary nominal rms current 50 mA
K, Conversion ratio 1:1000
U, Supply voltage (5 %) $12..15 \
I Current consumption 10@+15V)+I; mA

Accuracy - Dynamic performance data

X Accuracy @ I, T,=25°C @ £15V (x5 %) +0.65 %

@x12..15V (#5 %) 10.90 %

£ Linearity error <0.15 %

[Typ |Max

I Offset current @ I, =0, T,=25°C $0.2 mA
I,,,  Magnetic offset current ¥ @ I, = 0 and specified R,,,

after an overload of 3 x I, 0.3 mA

I Temperature variation of I -25°C .. +85°C 0.1 |+0.6 mA

-40°C ..-25°C 1:0.2 1.0 mA

t Reaction time <500 ns

t Step response time to 90 % of I, <1 us

di/dt  di/dt accurately followed >200 Alus

BW  Frequency bandwidth (-1 dB) DC .. 200 kHz

Figure 90 - Electrical characteristics and dynamic performance of
the LA - 55P current transducer [1].
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D. Mathematical Expressions
D.1. Harmonic Content of Phase Voltage using PD — PWM

The harmonic components generated in the phase voltage due to PD — PWM is derived for 3 —and 5 level
multilevel inverters in [14]. The harmonic spectrum for a 5 — level multilevel inverter can be analytically

described as [14]

v, (t)= MZDC cos(ayt) %i%ﬁ;ﬁ%m (4mzM )cos(nz )cos(2me,t +(2n +1) at )
Jyea((2m=1)22M )cos(kz)-
e e _(cos((n—k)ﬂ)+25in((2k—1—2n)¢))) j
’ N;g EZm—ln;DkZ:; (2k=1-2n) -(cos((Zm—l)a)t)+2na)ot)
(cos((n+k)z)+2sin((2k—1+2n)p)) ’
I (2k—1+2n) |

+4VDCi L 3 L, ((2m—1)22M )(1+ 2sin((2k 1)) cos(kx ) )cos((2m—1) at)

Nz & om-14 2k -1 >
go:arccos(i)
2M

(175)

Showing even sideband harmonics 2na,t be present at odd carrier groups (2m —l) ot and odd sideband

harmonics(2n+1)w,t present at even carrier groups 2met.
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