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Abstract—The average value model of the Modular Multilevel
Converter (MMC) is in general non-linear with time periodic
variables. Recent developments demonstrated how the MMC
model can be transformed into a a Steady-State Time Invariant
(SSTI) representation allowing for linearization of the model.
While previous modeling efforts for small-signal eigenvalue
analysis considered mainly the classical Circulating Current
Suppressing Controller (CCSC), this paper presents an approach
for representing a complete energy-based control system in a
set of Synchronously Rotating Frames (SRFs). This is obtained
by separating the state variables according the their frequency
components and applying corresponding Park transformations.
The resulting model is based on existing controllers implemented
in the stationary abc frame, and enables small-signal stability
studies of MMCs with such control systems. Simulations results
comparing an EMT type MMC model with the complete SSTI
system validate the proposed approach.

Index Terms—HVDC Transmission, Modular Multilevel Con-
verter, State-Space Modelling, Energy control, Park transforma-
tions.

I. INTRODUCTION

The Modular Multilevel Converter (MMC) has emerged as
the most suitable Voltage Source Converter (VSC) topology
for HVDC transmission systems [1]. Modelling and controlling
the MMC can be considered in general as more challenging
compared to two- or three-level VSCs. In particular, MMCs
are characterized by additional internal dynamics, related to
the internal circulating currents as well as the voltages of the
internal distributed capacitors in each arm [2]. Furthermore,
multiple frequency components inherently appear in the internal
state variables of the MMC [3]. This complicates the procedure
of obtaining state-space models with a Steady-State Time-
Invariant (SSTI) representation, according to the modelling
approaches commonly applied for two-level VSCs [4].

Recently, modeling approaches for obtaining SSTI state-
space representation of MMCs in eigenvalue-based small-signal
stability analysis of HVDC systems have been proposed in [5],
[6]. However, the models in [5] and [6] considered only the
case of a classical Circulating Current Suppressing Controller
(CCSCO) from [7]. With such classical CCSC, it was shown
in [8] that the lack of control of the output DC current may

cause undesired oscillations and even stability issues. For this
reason, more advanced controllers should be considered.

The results in [8] indicate that controllers with explicit
control of the internally stored energy of the MMC can
be beneficial for avoiding poorly damped dynamics. Such
control strategies usually rely on per-phase control loops in the
stationary frame, as in [9]. Thus, the control strategies cannot
be directly expressed by a SSTI state-space representation. In
this paper, a methodology is proposed for transforming MMC
control loops implemented in the stationary (abc) frame into a
set of rotating (dqz) reference frames. The presented procedure
and the resulting representation of the energy-based control
system can be combined with the MMC model from [8] to
obtain an SSTI representation and a linearized small-signal
model of an MMC-based HVDC converter station. The validity
of such an SSTI model is confirmed by comparison to the
results from a detailed time-domain simulation model of the
MMC model with the assumed control system implemented in
the stationary frame.

II. MODULAR MULTILEVEL CONVERTER
A. Arm Averaged Model (AAM) in abc frame

The topology of a three-phase MMC is recalled in Fig. 1.
Each phase, j = a, b, c of the converter consists of a leg, having
an upper and a lower arm with /N submodules (SMs) connected
in series. Assuming that all the SMs capacitors voltages in
an arm are maintained in a close range, each arm can be
represented by an equivalent model, corresponding to the Arm
Averaged Model (AAM) shown in Fig. 1 for the lower arm of
phase c. Each arm includes an inductance L,;,,, an equivalent
resistance R, and a capacitor Cy;p, [10].

For deriving the current dynamics of the AAM, the modula-
tion indexes 5 and m> as well as modulated voltages vy ;
and vﬁ ; are introduced as follows [9]:

A def U L > def

def _ def U L
my = m; my, my =mj +m;

(D
2)

Uﬁj = (*’U%j + 'U7Lnj)/2a Uvznj = ('U%j + ernj)/Q

The MMC currents can be expressed as in (3).



/I:(l'{: ﬁ'[!j,,,, BE,,,, t'bi,,,_
Eﬁ M| Eﬁf M, | E S|
U | bemges Bawmn Dgug .
ma r—‘,‘?],wza,t 220 r—‘,‘?{u}ﬁw V.
xre
RFIT A
R{LT”I R(l?'ﬁl
LIU'TYI Lm‘m
Ude
Lll?"lﬂ LKZTT??
R(}T"L R(17 m Al
| M M iy :
L o E Y CEAR S
77777777777 |
Uma | ASMi, | ASMG  DSME Ty UCc,
)
,,,,,,,,,,,,,,, | I
, r,gtf,%g vﬁg%: dss L
Lde Yl % ¥ it ‘m(]‘
Fig. 1. MMC topology and Arm Averaged Model (AAM).
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where ijA corresponds to the AC grid current, and ZJE is the

common-mode current flowing through the upper and lower
arm. The DC-side current ¢4, is given by the sum of the three
currents .

The AC grid current dynamics are expressed as:

ng = Vpnj — Vj 4)

where R £ (Rapm +2Ry)/2 and L2 < (Lapm + 2Ly) /2.
The common-mode arm currents dynamics are given by:

A
di A G _ pac;A
J

di¥
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i _ Yde %
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arm dt ) mj Rarml (5)
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Finally, the arm capacitors dynamics are given by:

dvZ., e
2Carm# = mfé + mjzzjZ (6)
dv’; 8
i_onlk Ay
2Carm? =m; o + mji; @)
where vg; £ (v8; — v§;)/2 and vg; £ (vg; + vE;) /2.

In steady state, the fundamental frequency of the “A”
variables is the grid frequency w, while the “X” variables
contain a component at —2w and a DC-component [6]. Thus,

the variables can be classified as:

o “A” Variables oscillating at w: zJA,

o “X7” Variables oscillating at —2w: i;

A A A
Upmjs M55 V-
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The energy sum WjE is calculated as follows:

1
W) = 5 Carm ()" + (8)°)

The energy sum I/V2 is oscrllatlng mainly at —2w, and its

(®)

average value is noted as W . The energy difference is
calculated as:

€))

WjA = %Carm (21%]-1)@]-)

The energy difference WjA is oscillating mainly at w, and its
. —A
average value is noted as W

B. Energy-based controller in mixed reference frames

In this section, the assumed MMC control strategy based on
the explicit management of the internal energy is presented.
For the proper operation of the MMC, the high-level controller
must fulfill, in steady state, the specifications illustrated in
Fig. 2:

1) Match AC and DC power flows - Fig. 2(a): P,. ~ Py.

2) Horizontal balancing - Fig. 2(b): The average stored

energy of each phase-leg WJE should be controlled.

3) Vertical balancing - Fig. 2(c): The energy difference

between the upper and lower arm capacitors Wj should
be controlled.

(a) Power match

(b) Horizontal balancing (c) Vertical balancing

Fig. 2. Control specifications: graphical description

An overview of the structure for a typical Energy based
control strategy which verifies the aforementioned specifications
is shown in Fig. 3 [9]. In this figure, bold symbols denote
vectors. For the AC-side the classical MMC control strategy
is based on two cascaded loops. The outer loops controls the
active power P,. and reactive power (... The inner loops
control the AC currents in dg frame. The currents 5 and 5
are controlled to their references by PI controllers.
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Fig. 3. General scheme Energy based control

For controlling the energy sum W]E for each phase, three
independent PI controllers are implemented. The average value
Wj is obtained with a second-order notch filter tuned at 2w
[11]. Settrng the same energy reference for each phase (i.e.
T/VE =W, = W ) the specification from Fig. 2(b) is
assured. These controllers generate the DC component of the
common-mode current references z . for the corresponding

phase. The detail of the controller structure is shown in Fig. 4.



Fig. 4. Energy sum controller (phase j)

The energy difference controller is depicted in Fig. 5, where
V& is the RMS value of the AC grid voltage, R is defined in
(10) and K is defined in (11) . This controller guarantees the
specification 3 (i.e. vertical balancing). The control details can
be found in [12].

cos (wt) 0 0
R=V2| 0 cos (wt — ZF) 0 . (10
0 0 cos(wt %’r)
=
K=|-3 1 -1 (11)
I G 1
2 2

The three common-mode currents (for each phase j) are
corrected to their references via PI controllers as well [11].
Finally, the modulation signals mY and m% are obtained

J J
according to:

Ax ik Ax Sk
—=t — v 1 V2T — et
mg: myj miy - m§:u+, (12)
Vde 2 Vde 2
III. NON-LINEAR TIME-INVARIANT MODEL USING X-A
REPRESENTATION

This section recalls the time-invariant model of the MMC
with voltage-based formulation as proposed in [6] and derived
from (4), (5), (6) and (7). To achieve a time-invariant model,
it is necessary to refer the MMC variables to their correspon-
ding SRFs. For generic variables 2> and 2, time-invariant
equivalents are obtained with the Park transformation defined
in (13) as:

.
A def
w=zh, & {mdAquxZA =P,

T T
3 def
oy [ ed] < P [ad ap o]
cos(nwt) cos(nwt — %’r) cos(nwt — %’r)
P, = % sin(nwt)  sin(nwt — %’r) sin(nwt — %’T) (13)
1 1 1
2 2 3

Although the “X-A” components are classified according to
their dominant oscillation frequency, the 32 and A quantities are

not fully decoupled. This results in time-periodic variables in
the equations after applying the above transformations. For the
) variables, time-periodic terms at 6w are neglected without
compromising the accuracy of the model [6]. Furthermore, the
zero sequences of the vectors in “A” present time-periodic
terms at 3w. This component was modeled in [6] by means
of an auxiliary virtual variable, 90° shifted from the real one,
and by using a Park transformation at +3w to achieve time
invariant signals.

T T
+ Al A A = A .A90°
wh = xz = {mzd gz, | = Py, | 22 24

Using the above definitions, the MMC dynamics in their
“¥-A” representation can be rewritten in a time-invariant form.
An overview of the model structure corresponding to the MMC
and DC bus equations is shown in Fig. 6 (See [8]).
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Fig. 6. MMC model with Steady-State Time-Invariant Solution

A. Energy sum calculation in dqz frame

Taking into account (8), the three-phase energy sum

WZ . = [WZ W, W2 is calculated as:
1 , _
Wu.zbc = icarm-lj_;wvgdqlej_;wvgdqz... (14)
1 - _
.+ icaTmelvédqz‘%Pwlvédqz
where
V8agx = WEas VEq» VE:] 5 (15)
A _ A A AT 16
VCdgz = [UCdv Voyg» Ucz] (16a)
v5, = (Uézd cos(3wt) + vézq sin(3wt)) (16b)

@ 9

It is worth noticing that the operator “s” corresponds to an
element-wise multiplication of vectors (e.g. [¢]s[ ] = [£5])-
Multiplying (14) by P., and neglecting the 6" harmonic
component (19) is obtained (at the bottom of the following
page).

B. Energy difference calculation in dqz frame

Taking into account (9), the three-phase energy difference

vector W4y = [WA WA WA]T is calculated as:

Wﬁbc = Carm (R;wvgdqz@PL;lvédqz) (20)



Multiplying (20) by P,,, the expression of Wﬁqz is obtained
as in (21).

Wiz = CormPo (P} 08uagPitvBag:) @D

The results for the dq components from (21) are time-
invariant after neglecting the 6" harmonic component. However,
the zero-sequence is pulsating at 3w, as shown in (22). The
same technique as for the zero-sequence component of véz
may be applied as explained in [6], i.e. creating a virtual system
from (22): W2, and W2 .

W2 = Carm (VG084 + V8,08, + 208 ,08.) cos(3wt) +
(22)

A% ALY A% g
v+ Corm (chde — VeV, t QUCZQUCZ) sin(3wt)

The complete expression of WquZ is given in (23) (at the
bottom of this page).

IV. SSTI-SRF REPRESENTATION OF STATIONARY FRAME
ENERGY-BASED CONTROLLERS

For obtaining the full representation of the system in SRF
frame, it is still needed to reformulate the part in stationary
frame of the control structure of Fig. 3. This is achieved by
referring each part of the controllers to their corresponding
SRFs:

o Common-mode current controllers at —2w.

o Energy sum controllers and averaging filters at —2w.

o Energy difference controllers and averaging filters at w.

A. Example of transformation from abc to dqz

In order to illustrate the methodology, the following subsecti-
ons explains the reformulation of a generic set of three-phase
PI controllers in the abc frame, and a second-order notch
filter used to extract the average value of the per-phase energy
components.

1) Generic PI controller: As an example, let us consider
the generic three-phase PI controller in abc frame from Fig. 7.

The reformulation of the generic PI from Fig. 7 to the SRF
frame at nw is performed in two steps. First, the integral part
of the controller is obtained and second, the controllers output.

Ya
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Y
— Y,

Fig. 7. Generic three-phase PI independent controllers in abc frame

The differential equation of the integral part is:

d&abc — *
dt abce

This equation can be related to the dgz components at nw as,

T;

- Xabc (24)

nw £dqz

T; il = P- Xf;;z* P quz (25)
where
£dqz - nugabcv Xg:;z inXabm Xg;;* P X:bc (26)

Expanding (25) and multiplying by P, results in (27).

déng * dPnlw
th = th;lz quz T; Ppow— Edqz (27)
an
where the coupling matrix Jp,, is given by:
0 nw 0
Jpo E |-nw 0 0 (28)
0 0 0

The output of the controller in abc frame is expressed as,

;bc - Xabc) . (29)

Yobe = £abc + Kp (

It is controlling the variables Xgpe = [Xo4 X XC}T to With the definitions given in (26), (29) may be written as,
their references X . = [X} X; X]T. The outputs of the
f:ontrollers are Yape = [Ya Vs Yo7, a}nd thg states of the Ype = (quz ( Pl X — P quz> (30)
integral parts are €,,,. = [£, & &) . It is considered that the
variables X 4p. are pulsating at an angular frequency nw. Multiplying (30) by P, yields,
2
w3 (vEa) N (Avéq) +§”CAZd”0d + 2”02 ”Cq + 4Ugdv0z
quz = W‘i =Z2Cyurm 20G,V0 2, — 2V0qVCz, 22U0dch + 40E,08, (19)
2 2 2 2 2
W (B + (087 + (027 + (185, + (B + (:3) + 2 (02)
Wdi véivgg + 2v§deZ vgqch + UCZdUCd UCZ ch
wA Wol C 2vg,ve, chUCd dequ + ”Czd”cq + ”cz V84 23
dqZ — WA — LYarm A 2 ( )
Z4 VGV + UCq”Cq + 208,98,
VVA 2 b))
Z4 VegVeaq — “Cd”Cq +2voz, Ve,



p (an*

daz (31)

quz)

The complete PI structure in dgz frame at nw is determined
by (27) and (31). These results are expressed in block-diagram
form in Fig. 8.

dqz quz

zero-sequence
decoupled from dq

Fig. 8. Generic three-phase PI controllers from Fig. 7 in dgz frame

The model from Fig. 8 is the result of applying the Park
transformation to the three-phase PI controllers from Fig. 7. It
can be noted that the cross-couplings in the model represents
the phase-shift resulting from the application of PI controllers
for tracking sinusoidal signals, and should not be confused
with decoupling terms in a dq current controller.

2 ) Second order notch filter: The filters used for the energies
Wa,,c and Wabc are second order notch filters tuned at their
corresponding frequencies. As an example, let us consider the
three phase signals U gpe = [U,UpU,] " and the filtered values
Yave = [YaY3Y.]". The second order transfer function of
the notch filter for the phase j is:

Y, sl

S B R 32
Uj 524 2Qwns + w2 32)

where w, is the natural frequency and ( is the damping
coefficient. Equation (32) may be written as a second order
differential function as:

&Y &2U;

dY;
2w, —2 2U; 33
g TR e = T kel G
Choosing the following state variables:
Flj e ?j — Uj (34&)
dYy; dU;
ij o 4&2* 4"&;* +’2<Qﬁlfaj‘+'2<&hlcz (34b)

The output of the notch filter can be obtained directly from
(34a). Derivating the states from (34) and generalizing for a
three-phase system it is obtained:

dF1abe

;t % — Faabe — 20wnFrabe — 2wnUape  (352)
dFsape

ﬁ = —w? Fiape (35b)

Yabc - Flabc + Uabc (350)

where Flabc - [1'7‘111-1:1117-1:110]—r and F2abc - [F2aF2bF2c]T
Equation (35) can be transformed into the SRF as:

dF14qz

2492 — Fodqz — 20wnFragz — 2(wnUdqz — JnwFiaq= (36a)
Wolez 2 Prige — JnFoags (360)

Y dqz = Fiagz + Udgz (360¢)

where Fiaq: = [FiaF14F1:]", Fadaqz = [FoaFogFh.]T,

Udg> = [UaU,U,]T and Y g4qz = [Y4Y,Y -] . Equation (36)
summarizes the three-phase notch filter in dgz frame.

B. Energy sum controller reformulation

The PI controller and the notch filter expressed in dgz frame
are obtained with the methodology explained in section IV-A
with n = —2 applied to the controller and the filter from Fig. 4.

1) Averaging filter: The energy sum Wfbc is filtered to
obtain W . before sending the signals to the PI controller in
abc frame (Fig. 4) with a notch filter. Considering (36) and:

- =3 1 X
Wabc = P ! quz; Wabc = R;deqz (37)

the notch filter of quz is expressed as in (38) with w,, = 2w.

dFy,.
at deqz 4CwF; ldqz 4wad2qz g, Fldqz (38a)
dFZ
o = APy, ~ T Frag. (38D)
=3
quz = Flzjiqz + Wdzqz (38¢)

2) PI controller: The PI controller expressed in dgz frame
is obtained with the methodology explained in IV-Al with
nw = —2w applied to the controller from Fig. 4. The result is
shown in (39). The controller output is expressed in (40).

P> £d z =% -3 = =
zW d: - quz - quz - T7W J'ngt‘i}‘;z (39)
se 8 (gdqz KW (Wi -W3,))
quz de — P~ Vde (40)
3vdc

Tk .
The reference values for W, are set to zero while the zero-

sequence component W, " s set proportional to the desired
total energy stored in the MMC.

C. Energy-difference controller reformulation

1) Averaging filter: is filtered
to obtain W_,. before sending the signals to the PI
controller in abc frame with a notch filter (Fig. 5).
Considering the vectors WaAbc and W,,., where the
zero-sequence components are expressed as a function

of their respectives Z; and Z, components: WaA,,c =
T
WS W W2 cos(3wt) + W2 sin(?)wt)}

The energy sum w4

abc

and



_ A A _ T
WaAbc = P} [WdA VVqA W?d cos(3wt) + W?q sin(3wt)} ;

the notch filter of Wﬁl z in dqZ frame is expressed as:

dFfy, 2
bz — By~ JoFen — %0 (Wahz + Fiiez) @4la)
dFA
= P Fiyyy ~ JaFiign (41b)
—A
Waaz =Wz + Fly,z (41c)
where,
def Cw 02)(2 . def 0 w
JG - |:02><2 3Cw I Cw - —w 0 (42)

2) PI controller: The PI controller from Fig. 5 is referred
to the dqZ axes. The same procedure as before is used on the
zero-sequence component, where the state of the integral part
is now:

T
A A A A A
ez = & " el e 3)
The result of the integral part is given in (44).

wa dé}i}g; A —A wa wa

i dt = quz - quz - Ti JGEdqz (44)

The output of the PI controller is obtained applying the Park
transformation at w and 3w to the control law from Fig. 5,
which yields:

I3i70e = —vo (608 + K™ (Wagz ~ Wagz)) (49)

For multiplying the output of the energy-difference controller
by the matrix R and K defined in (10) and (11) respectively,
it is necessary to obtain the three-phase vector Ifb";,ac as a
function of the components dgZ, which is obtained as:

IZ*
d,ac
Ifb*c,ac = PL::l Iq;c (46)
155 ac cos(3wt) + I7; . sin(3wt)

Note that the inverse Park transformation in Fig. (46) has a
frequency of w and not 2w as the other “¥” variables. The
reason is that the frequency of the “ac” component of the
current i> reference used for balancing the W2 is w.

Finally, for obtaining the common-mode currents reference
in dgz frame, the Park transformation at 2w is applied to the
controllers output from Fig. 5. The results are shown in (47)
where the 61 harmonic has been neglected.

! %
P S 0o = P, (KRIabc’ac> (47a)
, 3 Icz:c + I?;,ac
Tz ae = VAR +0 I3 e (47b)

D. Complete control structure

The complete control structure represented in dgz coor-
dinates shown in Fig. 9. The grid current controller for
i4, and modulation indexes calculations m%; and m%,  is
performed in the same way as in [8]. The common-mode current
controllers for idzqz is obtained from Fig. 8 with n = —2w.
The current and energy control loops are tuned for a response
time of 5ms and 50ms respectively.
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Fig. 9. Complete structure Energy based control in SRFs — Mathematical
equivalence of Fig. 3.

This controller resulted from the transcription of the scheme
from Fig. 3 to dqz frame. It is important to note that this
formulation highlights the decoupling of the z-sequence of the
energy sum W2 (proportional to the total stored energy) and
the common-mode current 7> (proportional to the DC current).

V. SIMULATION RESULTS

To validate the developed complete SSTI model of the
MMC with Energy based control, results from simulation of a
single converter with two different models will be shown and
discussed in the following:

1) EMT: The system from Fig. 1 implemented in EMTP-RV
with 400 SMs. The MMC is modeled with the so-called
“Model #2: Equivalent Circuit-Based Model” from [10].
The controller is implemented in abc frame (Fig. 3, [9]).

2) SSTI: Non-Linear Time-Invariant state-space model, with
the MMC dynamics represented according to Fig. 6 and
the control system represented according to Fig. 9.

Starting with an AC power transfer of 1pu, a step on @7,
of 0.1pu is applied at ¢ = 20ms. At ¢ = 120ms, a step on
Py, of —0.3pu is applied. Simulation results for the grid and
common-mode currents are gathered in Fig. 10 and the energy
sum and difference in Fig. 11. The error ¢ is calculated for each
variable y as (t) = |ypnmr(t) — yssrr(t)|, where ygar(t)
is the time domain result of the EMTP-RV simulation and
yssti(t) is the result of the SSTI model.

The error computed for the grid currents iqu in Fig. 10(a)
is less than 0.3%, and the common mode currents idzq in
Fig. 10(b) the error is less than 1% in steady state and 2%
during transients. The currents idzq presents a steady-state value
different than zero, which results in a circulating current in



steady state inside the converter. There are two main reasons:
the use of Uncompensated-Modulation (UCM) [6] and the
natural coupling of the PI controllers in abc frame (Fig. 8).
Nevertheless, the same behavior is observed in both models,
validating the results. Finally, the error for i is less than 0.2%.

Results from Figs. 10 and 11 proves the validity of the
proposed approach.
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Fig. 10. Time domain validation — Currents — EMT: EMTP-RV simulation,
SSTI: Non-linear time-invariant model in Simulink

representation of the MMC and the energy based controller.
The derived formulation of the energy controller may be a
starting point for developing improved energy-based control
structures for the MMC.
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