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Abstract: The Synchronverter technique is an example of a virtual synchronous machine-based control
method for PWM controlled power electronic converters that enable converters to mimic the behavior of a
synchronous generator (SG). It is based on the well-established mathematical model of an SG and should
equip converter connected generation with the capabilities of providing the grid with ancillary services such
as frequency/voltage support due to the inherent capabilities of the SG. In this paper, the Synchronverter
control method is applied to a wind energy conversion system (WECS) connected to the grid using back-to-
back converters. The mathematical models of the control system for both the rectifier side and the inverter side
are elaborated and used to derive the required transfer functions. A tuning procedure is proposed, using the
transfer functions of the system, to enable a fast and easy adaption of the control method to power systems with
different parameters. Simulations have been performed to validate both the functioning of the proposed tuning
procedure and the ability of the WECS to provide the grid with ancillary services. The results are promising,
showing the controllers yielding fast and accurate responses to contingencies and changes in power set-points
without steady-state deviations.
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1 Introduction

In recent years the power system has started the transition from a centralized structure dominated by conven-
tional generation, to a distributed structure, dominated by converter connected, renewable generation. In this
transition, one of the most promising and fastest-growing energy sources is wind power, which is often connected
to the grid using power electronic converters due to its intermittent- and uncontrollable nature. The increased
interest in wind power can be accredited to political, economical and technical reasons as new climate policies
favors renewable energy, the Levelized cost of electricity for wind power in Germany, Britain and France drops
below coal-fired electricity and more efficient turbines are being developed, all leading to wind power to become
the leading energy technology in Europe measured by installed capacity in 2019 [1-3].

Modern wind turbines are divided into two categories based on the operating type; fixed speed wind turbines
and variable speed wind turbines. Variable speed turbines are preferred due to more control flexibility and
improved system efficiency and power quality [4,5]. The most used topologies for variable speed wind turbines
are doubly-fed induction generators and fully-rated converter wind turbines with permanent magnet synchronous
generators, and both of these topologies often use PWM controlled back-to-back converters for connection to
the grid [6].

The new system topology, dominated by converter connected generation, creates new challenges related to
system stability in the form of less inertia and easily adjustable energy sources. This requires new types of grid
control and grid regulation, resulting in more and more countries establishing new grid codes and requirements
for what types of support functions a unit connected through power electronics must be able to supply. This
is especially important for maintaining the security and stability of the power grid also in a future with less
conventional generation and higher penetration of renewables.

A proposed solution to these challenges is to control converters, both rectifiers and inverters, to mimic syn-
chronous machines. One such virtual synchronous machine (VSM) is the Synchronverter first proposed by Zhong
and Weiss [7,8]. The use of VSMs seems like a promising method of enabling converter connected generation to
provide the grid with ancillary services, such as inertial response and frequency control, formerly only provided
by conventional synchronous machines. While the concept of controlling back-to-back converters as Synchron-
verters when connecting wind power to the grid was first proposed by Ma and Zhong [9], the concept was only



proven for a relatively small system. Chandra Bose and P.B further applies the synchronverter technique to a
HVDC system in [10], but no detailed discussion on controller parameters is provided.

The proposed solution should therefore be applied to a larger system with more realistic parameters. To enable
this, an easy and precise method of adapting controller parameters to any given system should be proposed.
Besides, the proposed solution by Ma et al [6,9] uses sinusoidal tracking algorithms (STAs) to enable synchro-
nization with the grid. Such STAs have several disadvantages such as requiring increased controller complexity
adding unnecessary computational burden to the controller, being more prone to numerical deviations in the
digital controller and including even more parameters that needs to be chosen for the highly non-linear algo-
rithm to ensure the convergence speed and accuracy of the algorithm. Several methods of choosing parameters
for Synchronverter controlled converters exist in the literature.

In the original Synchronverter, Zhong and Weiss [8] chooses parameters using empirical formulas and pre-chosen
time constants, meaning trial and error must be applied when choosing the parameters used in the formulas.
To counter this, Wu et al [11] proposes a general tuning algorithm for virtual synchronous machines that can
be modified and adapted to the syncrhonverter. Dong and Chen [12] proposes an enhanced self-synchronization
technique using a virtual resistance branch and a damping correction loop with parameters chosen based entirely
on the trial and error method, while Rosso et al [13] and Dong and Chen [14] find parameters based on the
linearized system state-space model.

Dong et al investigates a self-synchronizing Synchronverter in [15] where practical guidance on favorable con-
troller settings to achieve fast self synchronization and well-tuned parameters are provided. However, also here
only the inverter side is considered in the investigation. Brahma et al [16] explains the impact of system param-
eters such as the moment of inertia, integrator gain, droop coefficients and reference power. Here, the coupling
effect between the frequency loop and the voltage loop of the control structure is identified, and it is also stated
that optimum values of the parameters need to be found to ensure safe and efficient operation of the system.
No work is however done to eliminate the coupling effect or find such optimal control values.

Dong and Chen [17] also proposes a method to directly compute controller parameter values in a Synchronverter
augmented with a damping correction. Here, avoidance of trial-and-error procedures and achievement of precise
pole placement is obtained, but the work focus only on the Active Power Loop (APL) of inverter control. Also,
Zhang et al [18] proposes a parameter design method that includes the effects of low-pass filters. However, the
authors focus only on single-phase synchronverter controlled inverters. Vasudevan and Ramachandaramurthy
uses a linearized state-space model in [19] to find optimal values of the controller parameters such as the inertia
constant, but no solution for tuning the parameters of the PI controller is provided. Further, Mehrasa et
al discuss an implementation of a single synchronous controller for power electronics integrating renewables
in [20,21]. These references do however only consider inverter control, making the method unfeasbile for back-
to-back converters in its current form. In addition the proposed control structure include multiple PI controllers,
yielding even more parameters needing tuning.

Lastly, Wei et al [22] obtains a small-signal model of a Synchronverter controlled inverter and then uses the
"optimal second-order system" method, choosing the dampening ratio of the system, and then use the Eigen
equation to find eigenvalues yielding the desired response. However, again the authors do not look at rectifier
controls. Therefore, based on the literature and to the best of the authors’ knowledge, no work has been done
on finding the transfer functions and developing a method of choosing controller parameters for Synchronverter
controlled rectifiers, and adapting this to back-to-back converters integrating a large scale wind turbine.

In this paper, a tuning method of Synchronverter controller parameters for back-to-back converters is proposed.
More specifically the contribution devolves around tuning the control system for the rectifier side of the back-
to-back converters. Using the transfer functions of the control systems a procedure is developed to enable a
fast and easy adaption of the Synchronverter to wind power systems with different parameters. Based on the
small-signal model of a synchronverter controlled inverter, the small-signal model of a Synchronverter controlled
rectifier is established, and a method of tuning the PI controller is proposed to ensure fast a precise control of the
DC link voltage. The basis for the proposed method is a large scale wind energy conversion system connected to
the grid through back-to-back converters. Here, the rotor side rectifier controls the DC link voltage and the grid
side inverter controls the injected active- and reactive power to the grid based on the maximum power point of
the wind turbine and reactive power consumption at the grid. The transfer functions are obtained using a small
signal model based on the mathematical model of the control system and the block diagrams. To validate the
functioning of the tuning procedure, a fictitious system is implemented in the MATLAB/Simulink environment
and tested for different voltage and frequency events to ensure that the controls behave as designed.

The rest of the paper is structured as follows: The basics of a Synchronverter based wind energy conversion
system and the Synchronverter control technology are outlined in Section 2. The transfer functions and the
tuning procedure are explained in Section 3, before simulation results are provided in Section 5. Finally, this
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Figure 1: System topology of a wind turbine connected to the grid through back-to-back converters, including
control systems modified from [9, 23, 24].

work is concluded in Section 6.

2 Synchronverter-based WECS

In this paper, a full-scale type-four WECS is investigated, which is connected to the ac grid through a two-level
voltage source converter (VSC). The system is shown in Fig. 1. Synchronverter control technology has been
adopted for both the grid side converter and the rotor side converter. The control architectures of the converters
are as follows. 1) The grid side converter is used to regulate the active power and reactive power injection to
the grid. The maximum power tracking algorithm has been implemented to the grid side converter. 2) The
rotor side converter is used to control the voltage of the WECS dc-bus.

2.1 Control of the grid side converter

The implementation of grid side converter controller is based on the synchronverter proposed by Zhong and
Weiss [8]. An idealized three-phase round rotor SG is recalled for the purpose of implementing the synchronverter
control strategy [25]. The stator winding is assumed to be a concentrated coil having self-inductance L and
mutual-inductance M with a typical value of 1/2L. The field winding is assumed to be a concentrated coil
having self-inductance L. The phase terminal voltage, vgpe = [va vy vc]T can be written as

. diqp
Vabe = *Rslabc - Lsﬁ + eqbe (1)
dt
where, igpe = [ia 1 ic]T is the stator phase currents vector; Rs and Ly = L + M are the stator winding

resistance and inductance, respectively and e.p. = [eq €y €T is the back electromotive force (EMF) due to
the rotor movement and can be given by .

Cabec = Mfifwsinﬁ (2)
where Myiy is the flux field; w is the speed; 6 is the rotor angle and

it 2 2
sinf = [sind sin(0 — %) sin(0 + %)]
The mechanical part of the machine can be written by
Jwg =Ty —Te — Dpw (3)

where J is the moment of inertia of all the parts rotating with rotor; 75, is the mechanical torque; T, is the
electromagnetic torque and D, is a damping factor. The electromagnetic torque, T, can be found from the
energy stored in the magnetic field of the machine and can be given by

T. = Myig <¢abc, sf£19> (4)



where (-, -) denotes the conventional inner product between two matrices in R®. The active and reactive powers,
denoted P and @) respectively, generated by an SG can be given as

P = Mfifw <iabCa g;fle> (5)

Q = 7Mf2fo.) <iabcac/5:59> . (6)
The synchronverter concept is developed based on the SG model (1)-(6).

The swing equation for the grid-side synchronverter can be given in (7) where the mechanical torque, T,, is a
control input obtained through the maximum power point tracking (MPPT) algorithm as described by Ma et
al [6] and the electrical torque, T, depends on ¢ and 64 according to (4). To have similar behaviour as an SG,
a frequency droop control loop is included, hence, the swing equation of the grid side-converter can be given by

Jd}g = Pref,MPPT/Wn - T, — Dp(w - wn) (7)

where P,.; v ppr is reference active power obtained through the MPPT algorithm [6].

The electrical circuit of the grid-side WECS inverter including the synchronverter controller is given in Fig. 1.
The voltage in (2) corresponds to the back EMF of the virtual rotor. The inverter switches are operated such

that over a switching period, the converter outputs are to be equal to eq. as given in (2) and it is achieved by
a PWM technique.

In order to regulate the field excitation, Myi¢, the reactive power is controlled by a voltage droop control loop
using voltage droop coefficient, D,;. The control of reactive power is shown in the lower part of Fig. 1 where
the inner loop is the voltage (amplitude) loop and outer loop is the reactive power loop. The magnetic field
excitation, Myiy and reactive power reference, Qs can be given by

. 1
Mfo = E(Qref -Q+ Dq(Vm,g - mecc) (8)
q

where Vi, pee is the output voltage magnitude and Vi, 4 is the reference voltage magnitude.

The control structure of the grid side controller is depicted to the right in Fig. 1, where the active and reactive
drooping coefficients are denoted D, and D, respectively. The structure is modified from Ma et al [23] and
utilizes the inherent synchronization ability of the synchronous machine to achieve self-synchronization with the
grid. The main objective of the grid side inverter is to feed the correct amount of power into the grid, based on
the MPPT of the turbine, frequency- and voltage situation of the grid.

2.2 Control of rotor-side converter

Controlling a three-phase rectifier as a Synchronverter was first proposed by Ma et al [26], and later added with
the self-synchronization ability [24]. The control structure of the rotor side controller is depicted to the left in
Fig. 1 and is modified from Ma et al [26]. Here the active drooping coefficient is denoted D,,,, and the core
of the rotor side rectifier controller is the same as for the grid side, however now with the converter current
defined in the opposite direction. The main objective of the rotor side rectifier is to keep the DC link voltage at
its reference voltage and at the same time keep the power factor at the rotor side as close to unity as possible.

The swing equation for the rotor-side synchronverter can be given by
Im@ =Ty — Te — Dy (w — we) (9)

where w, is the frequency of the generated voltage of the PMSG. The mechanical torque, T}, is the control input.
Hence, the WECS dc-link voltage can be controlled by controlling the mechanical torque and it is generated by
PI-controller as shown in Fig. 1 and can be given by

Ki c
Ton = (Kpae + =2%) (Voo = Vbe,ref) (10)

where K, 4. and K, 4. are the proportional and integral gain of the dc voltage controller, respectively.

3 Small-signal modeling and tuning of the control-loops

The control structure presented in Fig. 1 can now be used to develop a small-signal model, yielding the block
diagrams of the Synchronverter for both the grid-side converter and rotor side converter control.



3.1 Grid-side synchronverter

The converter controller consist of two control channels; one for the active power and one for the reactive power.
Therefore the first objective is to find the transfer function from the active power reference P,.f to the actual
power P, and the transfer function from the reactive power reference @,y to the actual power Q. It is known
that for a grid-connected synchronous machine the powers can be calculated as

P = % sin 0 (11a)
Q= 3(Vpee — ‘;?COS 0)Vpee (11b)

where the parameters used are related to the Synchronverter, and it is assumed that the grid impedance
Zg = Ry + jX, is mainly inductive, i.e. Xy =w,Lg >> R,. Using vy = V,Z0° implies § =0 — 0, = 0, i.e. the
power angle of the system is the angle of the PCC voltage.

To develop the small-signal model, the variables are defined as
T =x,+ Az (12)

where z,, denotes the nominal value, while the small deviation is denoted Az. It can be assumed AV, = 0
and Awg = 0 when developing the small-signal model. Applying the approximations sind, = 6, sinAd ~ AJ,
€080, ~ 1 and cosAd ~ 1, and in addition neglect the constant terms and higher order varying terms, (11a)
and (11b) can be rewritten into the Laplace domain as in (13a) and (13b) [11].

3VreenVon 8V,
aQ = Moeen Ay, (s) 4 Hrmmalidn (13b)

Further, using the approximation that the small signal feedback voltage amplitude is approximately equal to the
small signal back-emf amplitude, i.e. AV, ~ AE, and equations (13a) and (13b), the control system from the
grid side in figure 1 can be presented in block diagram as shown in figure 2. Note that for the block diagrams

the definitions K, = % and K = % are used.
q
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Figure 2: Block diagram of the coupled grid side control system.

As can be seen from both the block diagram and the small-signal power equations the active power loop (APL)
and reactive power loop (RPL) are coupled. The coupling is coming from (13a) and (13b) where both AP
and AQ are depending on Ad coming from the APL and AV, = AE coming from the RPL. The loops must
therefore be de-coupled to simplify the system analysis.

If the coupling is omitted the two loops can be simplified as in figures 3 and 4, from which the two open loop
gains Tapr, gria and Trpr gria can be easily identified in (14a) and (14b).



APy 1 1 ! I | VVe | AP
1 Lg
/- o D, _D,,K,,S+]

A 4
|

A\ 4

e

Figure 3: Simplified block diagram of the grid side APL when coupling is omitted.
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Figure 4: Simplified block diagram of the grid side RPL when coupling is omitted.

1 1 1 1 ce;nVan
Tp(s) = — = —3 L 3VecenVy (14a)
DprS+1 S X

1 1 3V,
T,(s) = — - . —Peen 14b
als) Dy 7#2ps+1 X, (140)

Now, by setting AQ to zero in Fig. 2, it can be shown that the loop gain of the APL including the coupling
will be T (s)
s

Tyels) = Ty(s) (1= 25=02). 15

p (S) p(s> 1+Tq(5) n ( )

Similarly, by setting AP to zero in figure 2, it can be shown that the loop gain of the RPL including the coupling

will be
Ty(s)

LG 53). (16)

The APL and RPL, in the upper and lower part of Fig. 2, are coupled due to the inherent nature of the VSM, as
both and P and Q are related to V and é. This coupling brings difficulty to parameter design. For simplification
of the tuning procedure, the loops can be considered decoupled [11] which simplifies to

Tyels) = Ty(s) (1 -

Tpe = Ty

Toe =T,

and the controller parameters can therefore be designed separately for the active power loop and reactive power
loop from the decoupled structure.

3.1.1 Active Power Loop

The parameters for the APL can now be tuned based on the transfer function given in (14). As seen in Fig. 3
there are essentially two parameters that needs to be tuned in the APL; D, and K,. The drooping coefficients
are often treated as a result of grid code requirements, where a 100% change in active or reactive power is
required for a certain amount of change in frequency or voltage respectively. Therefore using a pre-selected
drooping percentage Ap% the droop coefficient D,, can be set as

Pn

D — Wn, ]_7
p wn-Ap% ( )

The next parameter is K, = } It is known that the amplitude of the open loop APL gain is unity at the
gain crossover frequency and this can be used to express K, as a function of the crossover frequency f,.. The
magnitude of the transfer function at crossover can be given by

3‘/pcc,ann 1 1

, - =1
Xswn D, J;:;?: +1‘ 727 fpe|

|Tp(j27rfp0)| =




which gives the value of K, as
27 fpe

2
_ 3Vpee,nVgn
D\/ 27rfpc swn D ) 1

It is, in addition to optimise stability and controller performance, important to attenuate the Double Line-
Frequency Ripples (DLFR) in the output voltage caused by the instantaneous power outputs during periods
of unbalanced grid voltages. To ensure that the DLFR is attenuated properly the magnitude of the loop gain
should also be assessed at the the frequency 2f,, i.e.:

(18)

3Vpcen Von 1 1
)(5 nD jAT fn 14 n
wnDyp | fhnfe 1’ 1747 f

Ty (527 - 2fn)| =

This expression can be simplified using the approximation

1 1
j47l'fn ~ JAm fn
‘ »Kp +1 ’Dp Ky

due to the fact that the cutoff frequency p Kv of the first order filter in T, is way below 2f,,, yielding

3Vcc nVnK
bee, g p < a/p (19)

T, (21 - 2f,,)| ~ Sokecnonp
| P(] T f )| 16W2f,%X5wn —

where a,, is the maximum desired magnitude at f = 2f,. The criteria in (20) can thus be found using (19).

K < 16772f§Xswnap

= Kp maz 20
P 3Vpcc,nvgn » ( )

To ensure a robust controller with good stability, the phase margin should also be taken into consideration when
tuning the parameters. The desired phase margin for the open-loop gain is defined as PMgcsireq, yielding the

criteria in (21).
PM = 180° + Z7114PL,g7"id(].27"-.](‘170) Z PMdesiTed (21)

The part of (14a) governing the angle will be
1 1

1
STl 8
where % automatically translate to —90°, yielding

. 27 fpe
i %(‘D 1K —j27rfpc+1) 3 i J}é
90° — arctan i = 90° — arctan —2-*%

R( Dpr]27TfPC +1)

The angle should be larger, or equal, to the desired phase margin, i.e. > PMgcsireq- Based on the above the
minimum value of K, can thus be calculated in (22).

27 fpe
D

p

K, >

tan(PMdesired) = Kp,min (22)

Using (18), (20) and (22), Kp min, Kp mas and K, can be plotted as functions of the crossover frequency fi.,
and any value of K, (fpc) lying within the two curves K, yin and K maq will satisfy the tuning criteria for the
APL. It is usually beneficial to chose the value for K, in the higher area of the valid range to improve controller
performance to have a faster response in response to a disturbance.

3.1.2 Reactive Power Loop

From Fig. 4 it can be deduced that there are two parameters that should be designed for the RPL; D, and
Kgi. As for the drooping coeflicient of the APL, the drooping coefficient of the RPL will be a result of grid code
requirements. Using a drooping percentage Aq% the droop coefficient Dy can be set as:

b Q
I \/gvgn,LfG : Aq%

(23)



1
K,
similar as for K,. From the loop gain in (14b) it can be seen that the dqenominator only consist of s to the
power of 1, i.e. its a first order denominator. This implies that the phase of the RPL reaches a minimum of
—90° and thus the phase margin will always be 90° or more, meaning no lower limit for Kg; is needed. As was
the case for the APL the DLFR must be attenuated properly also for the RPL, creating the need to assess the
magnitude of the loop gain at the the frequency f = 2f,, i.e.:

The final parameter to be decided for the grid side controller is Kq; = and the tuning procedure will be

) _ 3Vpeen 1
Tyg2m 20l = 75~ ‘ T 1‘
which can be simplified using the approximation
1 N 1
as the cutoff frequency D"Igijrw of the first order filter in Trpyr grid is way below 2f,,, yielding

. 3Vpcen Kgiw
ITa(j2m - 2fu)l = == < aq
where a4 is the maximum desired magnitude at f = 2f,. The criteria in (24) can thus be found using the

relation above. dnfo X
T a
K< 22224 K. o 24
qr — 3‘/pcc,nwn qr, ( )

3.2 Small-signal modeling of the rotor-side Synchronverter

The rotor-side synchronverter also consists of two control channels; one for the dc voltage control and one for
the reactive power control. It is therefore necessary to find the transfer function from the DC voltage reference
Vbe,rep to the actual voltage Vpc, and the transfer function from the reactive power reference Q. to the
actual power (). Also for the rotor side rectifier controller, a small signal model will be used, and as the method
of de-coupling the APL and RPL will be very much the same as for the grid side controller, the procedure will
not be repeated here.

The inner loops of the rectifier upper control channel are essentially identical to the grid side APL, with the
only difference being that the active power will be negative. For the outer DC voltage loop, the mechanical
torque will be created by the PI controller. To find the outer loop in the small-signal model, the deviations
around the steady-state values are defined in (25a) and (25b). The objective is here to find the transfer function
from AP to AVpe.

Vboe = Vpon + AVpe (258,)

Ipc = Inpc+ Alpc (25b)
Using the nominal plus the small signal values of P, (25a) and (25b) can be used to yield the following result:

P, + AP = (VDC,n + AVDC)(In,DC + AIDc) (26)

When ignoring the DC term, the second order term, and applying the approximation Al = 0 the transfer
function from AP to AVpe can be found in (27b) based on (27a).

AP

AP = AVDCImDC — AVDC = Vi o (273)
1
Hp_v,. = T (27b)
n,DC

Using the transfer function above, and the fact that the active power will be negative, the rotor-side control
system can be presented in the small-signal form through block diagrams as shown in figures 5 and 6 for the
DC voltage control and reactive power control channels respectively. Note that they are assumed to already be
de-coupled, and that the definitions K, = i and Ky m = ﬁ are used.
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Figure 5: Block diagram of the upper control channel for a Synchronverter based rectifier control system.
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Figure 6: Block diagram of the lower control channel for a Synchronverter based rectifier control system.

As seen in Fig. 5 the block diagram is not represented in its standard form as the reference is coming in
negative and the feedback is positive. For simplified system analysis, the fact that AP is negative can be taken
advantage of by multiplying the loop gain with minus one, essentially switching the signs of both the feedback
and reference and at the same time obtaining a positive AVpe. This yields the simplified version of the block
diagram representing the upper control channel in Fig. 7.
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Figure 7: Simplified upper control channel block diagram on standard form.

From figures 7 and 6 the two open loop gains Thc rotor and TRPL rotor can be easily identified in (28) and (29).

Kidc 3Vms ) 1
Tpe = (Kpge + —2 ( - ) = #
DC ( p,dc s ) Ig(s 82+X5me8+3‘/’1’:¢ In,DC ( )
K, 3V,
T L= qi,m - pmsg 29
) A, B (29)

In (28), G and H are defined as
Ki c
G = (Kpae + =)

H =

( 3Vp’rnng 1 )
252 4+ X, Dpms + 73‘/’1’)’”913 I..pc

3.2.1 Tuning the DC voltage PI Controller

Dy, has the exact same definition as D), and thus does not need to be re-tuned for the rotor side. For simplicity
reasons and to limit the scope of this research, the parameters K, and K » are set equal to their grid side
counterparts K, and K,;. The RPL of the rotor side controller has thus no further parameters that need to be
decided, and the focus can be shifted to the DC voltage control loop.

Here, only the parameters for the PI controller creating the reference torque based on the DC voltage deviation
needs to be designed. Different methods can be applied to tune a PI controller, and many of them are essentially
different methods of applying the trial and error method. One example of such a method is the process of



selecting a crossover frequency w. and then use the trial and error method to chose the proportional gain K 4
and the integral gain K; 4. such that the amplitude of the loop gain at the selected crossover frequency is unity,
ie.

|TDC,7'oto7'(jwc)| =1

Another trial and error method is to use the step response of the closed-loop system, in combination with a Bode
diagram of the open-loop gain, to find parameters that yield both a fast and precise response and have acceptable
stability margins. However, the procedures using the trial and error method are inherently time-consuming and
provides no guarantee of finding the parameters yielding the best possible controller performance. It is therefore
beneficial to find a starting point close to the optimal parameters by use of a faster and more precise tuning
procedure so that any additional use of the trial and error method will be limited to a minimum.

The idea will be to set the closed-loop transfer function approximately equal to a first-order filter. The open-
loop gain of the DC voltage control loop is given in (28) and by closing the loop with a feedback gain equal to

1, the closed-loop can be found as:
G-H

1+G-H
Setting the closed-loop equal to a first-order low-pass filter as
G-H @«
1+G-H s+a

(30)

where « is the corner frequency of the first order filter, also known as the bandwidth. From (30) it can be
derived that

G- H~%
s
which yields the relation seen in (31).
Ki,dc 3V mMS E «
(Kpdc + < ) <XSIn,Dc 5 S 3V,,,,LSQE1,,L_DC> ~ (31)
ﬁS + XSIn,DCmeS + T

Using (31) and applying mathematical derivations, (32) is obtained.

(Kp,dc +

Ki c Xsln Xsln D m In
,d ) ~ o ,DC s+a ,DCp +a ,DC (32)
S

SvpmngKpm 3meng Wns

It can quickly be deduced that as the controller used is a PI controller and not a PID controller, i.e. G does
not have a derivative part, the fraction multiplied with s in (32) must be set to zero. This approximation will
have an impact on the design process as will be discussed later. Neglecting the derivative part and comparing
the two sides of (32) the desired gains can be approximated in (33a) and (33b).

Xs]n,DCme

Kpde =a———"F"F——7— 33
p,d o 3me/ng ( a‘)
L,
Kde = ai&,}DC (33b)

Now, by selecting a corner frequency « yielding an acceptable bandwidth, the above-calculated controller gains
can be used as a starting point for further manual tuning using the trial and error method. Since the procedure
above is based on approximations, the bandwidth of the actual control loop will not necessarily be equal to a.
It is therefore important to apply manual tuning after obtaining the initial parameters to ensure that both the
bandwidth and phase margin are acceptable.

4 Tuning example
Before simulations can be carried out, the controller parameters need to be designed based on the outlined

tuning method. The final controller parameters are found in Table 1, while the system parameters used in the
tuning procedure are listed in Table 2.
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Figure 9: Bode plots for grid side controller.

First, D, = Dy, and D, are set using (17) and (23), resulting in (34a) and (34b). For the purpose of this
paper the grid code requirements from the standard EN50438 will be used, meaning popange,s = 2% and

Pchange,% = 10% [11]

200kW
_ _ 2750 _
Dy = Dy = 52230 — 101.3212 (34a)
200kV A
Dy = —— 21 3550 (34b)
2.690-0.1

Next, K, = K, are to be determined. Here, a maximum magnitude at double the line frequency, a, = 0.1
and aq = 0.1 will be used. Equations (18), (20) and (22) along with the simplifications that Vp.. ~ V; and
E =~ Vpmsg, can then be utilised to obtain Fig. 8. From Fig. 8 a value of K, can be chosen in the higher area of
the satisfactory curve, and here K, = 4 is chosen. The controller parameter J = .J,,, can then be calculated as

1
J=Jn,=-— =025 35
K, (35)

K, is chosen close to Kyi max = 3.9837 - 107° calculated from (24), and is thus chosen to be K, = 3.8 -107°.
The controller parameters K, = K, is then calculated as:

1
qr

Bode plots of the APL and RPL of the grid side controller are depicted in figures 9a and 9b respectively.

11
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As seen from Fig. 9a and 9b the magnitude at double the line frequency, i.e. 100 Hz, is indeed found to be
—20dB, and thus the criteria of a, = 0.1 and aq = 0.1 is achieved.

Finally, the parameters of the PI controller needs to be tuned. Equations (33a) and (33b) are used to obtain
initial values for K, 4. and K 4.. In these initial calculations « is set to @ = 220 rad/s ~ 35Hz, resulting in
Ky dc =1.9783 =~ 2.0 and K; 4. = 124.2995 ~ 124.3. Using these initial values the phase margin of the open-loop
is found to be below 60°, and the bandwidth of the closed-loop is be found to be 56.29 Hz. A common rule
of thumb for bandwidth is that the bandwidth of the most inner loop should be 3-10 times lower than the
switching frequency and then 3-10 times lower for the next loop etc. Looking at Fig. 5, the DC voltage loop is
the third loop after the frequency loop and power loop. Therefore using the rule of thumb, a bandwidth of 56
Hz is just within the recommended range, and thus deemed as acceptable for now. In this paper, a minimum
phase margin of 65° is desired for stability, and therefore additional tuning must be applied.

Two options arises to improve stability; decrease the proportional gain or decrease the integral gain. First K, 4.
is decreased to K q. = 1.5, while K 4. is kept unchanged, resulting in a system where the phase margin is
approximately unchanged, while the bandwidth is found to have decreased to 46.40 Hz. Therefore, the next
step is to try to decrease K; g to K; 4. = 100, while keeping K, 4. unchanged from the initial value. This yields
a system with an improved phase margin equal to 62.8°, while the bandwidth is found to be approximately the
same at 55.06 H z.

Based on these results additional tuning is applied by further decreasing K; 4., ultimately yielding the final
controller parameters K, 4o = 2.0 and Kj; 4. = 82.5. The Bode plot of the open loop DC voltage loop with the
final parameters is depicted in Fig. 10a, where it is also compared to the the Bode plot using the initial values.
The phase margin is 65.1° and the bandwidth of the closed loop is found to be 54.61 Hz. In addition, the Bode
plot of the RPL of the rotor side is depicted in Fig. 10b, and the controller parameters are provided in Table 1.

Table 1: Controller Parameters.

Parameter \ Value H Parameter | Value
J=Jn 0.25 Ky = Kgm 26316
D, =Dy, 101.3212 || D, 3550
Ky ac 2.0 K ac 82.5

5 Simulation Results

In order to show the effectiveness and functioning of the tuned control parameters, simulations have been carried
out using MATLAB/Simulink association with SimPower System tool box. The investigated synchronverter-
based WECS is shown in figure 1 which consist of a wind turbine rated at 200 kW. The rated voltage of both
the PMSG and the infinite bus is 690V line to line with gird frequency 50H z and the DC link voltage is 1126.8V.

The simulations were carried out using the fixed step solver ode3 with a sample time Ty = 1- 10765 = 1pus.
The plots depicting the response of the rotor side controller are shown in Fig. 11, while the plots depicting the
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Figure 11: Rotor Side Simulation Results: (a) DC link voltage, (b) Powers calculated by the rectifier, (c)
Rectifier frequency vs PMSG stator frequency and (d) Power coefficient of the wind turbine.

response of the grid side controller are shown in Fig. 12. Figure 13 shows the transient response of the DC-link
voltage and the active and reactive power. Note that the first 0.7 seconds representing the synchronisation
period is omitted from the plots. The simulation has the following sequence of events:

1.

The simulation was started at ¢ = 0 with all IGBTs off and the circuit breaker in the open position. The
initial wind speed is 12m/s. In the DC link a resistance equal to 2 - Repopper Was connected to obtain
the DC voltage, and the virtual synchronisation currents were fed to the controllers. The IGBTs on the
rotor side was started at ¢ = 0.2 with Vpc ey = 1126.8V and Qref rotor = 0. Switch A in the rotor side
controller was turned to position 2 to feed the real current to the controller.

The IGBTs on the grid side was started at t = 0.5 with P..y = @,y = 0, and the voltage droop disabled,
i.e. switch B open. Switch A in the grid side controller was turned to position 2 to feed the real current
to the controller.

The circuit breaker was closed at ¢ = 0.8 connecting the grid side converter to the grid. P,..; was changed
to reflect the MPPT at ¢t = 1.5, and the chopper resistance was disconnected to send all available power
to the grid side.

The wind speed was changed to 10m/s at t = 2.5, to 12m/s at t = 3.5, to 14m/s at t = 4.5, and to
12m/s at t =5.5

Qref,gria Was changed to 100 kV Ar at ¢ = 6.5. Switch B was closed at ¢t = 8.0, enabling the voltage droop
loop of the grid side.

Grid frequency increase by 0.1 Hz from ¢t = 9.5 to ¢ = 10.5. Grid voltage decrease by 0.05 p.u. from
t = 11.5 to t = 12.5 and increase by 0.05 p.u. from ¢t = 13.5 to t = 14.5

Simulation was ended at t = 15.5

13
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Figure 13: Transient response: (a) DC-link voltage, (b) active power and (c) reactive power of the grid-side
converter.

5.1 Performance of the Rotor Side converter

Figure 11a shows the DC link voltage of the WECS. The rotor side controller is able to maintain the DC link
voltage at the reference voltage during the entire simulation. Small transients are seen at the occurrence of
events, but the controller quickly tracks the reference again after each event. The variations in the DC voltage
at steady state vary inside the range from 1100 to 1150 volts, meaning the variation is always less than 50 V
in steady state. Fig. Fig. 11b shows the active power and reactive power of the rotor side converter. As can
be seen from Fig. 11b, the reactive power was approximately zero during the entire simulation run, meaning
the current drawn by the rectifier was in phase with the voltage, and that the desired unity power factor was
achieved by the rotor side controller.

Fig. 11c shows the electrical frequency of PMSG and rectifier.As can be seen, the converter speed tracks the
electrical speed very well during the entire operation. Figure 11c also shows that the frequency event has a
direct impact on the turbine, effectively speeding up the turbine as less power is extracted at the same wind
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speed. The voltage events, on the other hand, had very little to zero impact on turbine performance.

These observations are supported by looking at the power coefficient of the turbine in Fig. 11d. It is here clear
that the frequency event in A decreased the power coefficient as less power is extracted at the same wind speed,
while the power coefficient remains unchanged during the voltage events. Figure 11d also clearly shows that
the grid side controller is able to follow the MPPT very closely as the power coefficient of the turbine is very
close to the maximum power coeflicient Cp a2 = 0.411 during normal operations.

5.2 Performance of the Grid Side converter

Figure 12a depicts the active power injected into the grid by the grid side converter. It is obvious that the
power follows the reference very well with very small transients during events. This can also be seen in relation
to the high power coefficient as discussed above, and the MPPT-operation is thus achieved by the inverter. The
active power is maintained very well also during changes in reactive power injection, and the converter is able
to maintain the active power injection also during the voltage events. For the frequency event, i.e. a frequency
increase of 0.1 Hz, the frequency droop is working as expected and the converter decreases the power injected
into the grid from the MPPT set-point. More specifically, the injected power is decreased by =~ 20kW = 10%
of rated power when the frequency is increased by 0.2%. This change is in line with the designed criteria for
the droop; 100% change in active power for 2% change in frequency. When the frequency returns to the rated
value, the power injection is increased back to the MPPT set-point.

The reactive power of the grid side converter is shown in Fig. 12b. It can be seen that as long as the voltage
droop loop is deactivated, i.e. before switch B is closed at t=8 s, the controller accurately tracks the reference
set by the operator. More specifically, as depicted in Fig. 12b, as long as Qref,gria = 0 the reactive power
injected is zero at steady state. Small transients can be seen during changes in the active power injection, but
the reactive power is quickly controlled back to zero. Also after Qs gria Was changed at t=6.5 s, the converter
quickly controls the injected reactive power to follow the reference. When the voltage droop loop is enabled
at t = 8, the injected reactive power is reduced from the reference set by the operator as the PCC voltage is
higher than the rated voltage. During the voltage events, two opposite control reactions are seen. As expected,
when the grid voltage decrease the controller increases the reactive power input to counter the voltage drop in
the grid. Opposite, when the grid voltage increase the controller decreases the reactive power input to counter
the voltage increase in the grid.

Looking more closely at the results, during the voltage dip the voltage Vpce seen in Fig. 12d decreases from
~ 1.021 to =~ 0.995 p.u., i.e. a decrease in the PCC voltage equal to 2.6% of nominal voltage. As seen in Fig.
12b the controller then increases the injected reactive power with approximately 52.5kVAr. This means that
there is a change of 52.5kVAr for a change of 2.6% in the voltage. Looking at the designed voltage droop, this
is totally in line with expected controller behavior; 100% = 200kVAr change in injected reactive power for 10%
change in voltage. The same observations holds for the voltage increase, but with the exact opposite controller
reaction, i.e. reducing injected reactive power in accordance with the designed voltage droop.

Also, the grid side converter follows the frequency of the grid which it is connected to very well, as seen in
Fig. 12c. Transients are seen during events, but the frequency is quickly controlled back to following the grid
frequency. This can be seen also during the frequency increase in A, where the converter frequency has an
identical increase. Also, during the voltage events in B and C, the converter is able to track the grid frequency
without large deviations.

5.3 Simplifications and Limitations of the Tuning procedure

The simulation model used as well as the tuning procedure proposed in this paper have a number of obvious
simplifications and limitations that need to be addressed. It is therefore of interest to discuss the validity of
some of the obtained results.

Based on the discussion above it is beyond doubt that the proposed procedure is working, and based on
the performance of the control system the controller parameters can be said to be adequately tuned. More
specifically, looking at the responses of the DC link voltage and the active and reactive power injections to the
grid, their responses are extremely robust while still maintaining stability over the entire operating range. In
addition, all references are reached and maintained very well without steady-state deviations when the droop
loops are disabled. When activated, both the frequency drooping and voltage drooping works as expected by
adjusting the injected active and reactive powers based on the grid conditions, making the controller deviate
from pre-set reference set by the operator. From Fig. 1la it can be seen that the DC link voltage is slightly
under-dampened with a very fast settling time after the transients occur during events in the simulation. Small
oscillations around the voltage reference can be seen, but these are well within the acceptable deviation limit of
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5% (a 5% deviation from the DC voltage reference equals a deviation of approximately 56 V). From the grid side
results, the active power seems to have a very small overshoot with no further oscillations, while the reactive
power is slightly over-dampened when tracking its reference. When the voltage droop activates the response
seems to go from slightly over-dampened to slightly under-dampened, resulting in very small oscillations before
settling at the reference. The response and settling time are therefore deemed satisfactory.

There are still some factors that should be discussed. Firstly the tuning procedure is based on the line frequency
average model using the average powers instead of the instantaneous powers, and the small-signal model used
to identify the block diagrams for the control channels will thus not be valid for frequencies high above the
nominal frequency. A model that is valid for all frequency ranges could in the future be developed to better
accommodate these high frequencies. Secondly, it is possible that the performance of the rectifier could be even
better if the simplifications J,,, = J and Ky, = K, were avoided. Designing these parameters separately for
the rotor side controller instead of putting them equal to their grid side counterparts could help to decrease the
fluctuations in the DC link voltage around the reference.

A major simplification is done in the process of tuning the PI controller. More specifically when neglecting the
derivative term in (32). The consequence of this simplification can be observed in the bode plot in figure 10a,
where the bandwidth of the initial closed-loop is found to be 56.29 Hz instead of the chosen a = 220 rad/s ~ 35
Hz. Based on this it can be deducted that the closed-loop system with parameters that are tuned based on
this simplification yields a bandwidth that is higher than the selected « in the tuning process. As a curiosity,
the selected 35 Hz is found to be the crossover frequency in this initial Bode plot. Had the controller been a
PID controller on the other hand, the derivative gain in the controller could be set equal to the part which is
neglected in the simplification, yielding a closed-loop bandwidth actual equal to «. This is however not done as
PID controllers tend to be more sensitive against noise and thus less suitable for large industrial applications.

Also, during the tuning procedure, the bandwidth between 50 and 60 Hz for the DC voltage control loop is
deemed as acceptable, and no further investigation or tuning steps were done to perfect the bandwidth. In
retrospect, a more thorough analysis of the bandwidth should be implemented into the tuning procedure for
the PI controller, to ensure controller speed without interference. This adds to the thought that since so many
simplifications are made throughout the tuning process, there are a lot of uncertainties related to the stability
margins of the system. It can therefore also be discussed if the phase margin of 65° for the DC voltage control
loop is actually enough to ensure the stability of the rectifier, as the actual phase margin of the controller could
be lower.

6 Conclusions

This paper presents the tuning of a synchronverter based wind energy conversion system. The proposed proce-
dure offers a fast process where system parameters can be easily changed, resulting in new controller parameters
without time-consuming calculations. Based on the results and discussion above it can be concluded that the
established tuning procedure has shown to yield a well-functioning control system with fast and accurate re-
sponses, thus achieving the desired functioning. Simulation results are presented to show the effectiveness of the
proposed tuning. It is shown that the performance of the tuning procedure is closely tied to the performance of
the controllers, which are indeed fulfilling their objectives related to providing ancillary services to the grid. It
is also important that the controllers are fast and react quickly to changes, especially during frequency events
where time is of the essence to prevent cascade failures. In this perspective, the tuning performs excellent as the
rising times of both the active and reactive powers during changes are very fast, and the DC voltage is kept well
within its allowed deviation area. Discussions revolving the simplifications used during the tuning procedure
are provided, and based on this it can be concluded that, for the sake of this research, the established tuning
procedure is satisfactory. However, imperfections have been pointed out, and thus more work can be done to
further perfect the tuning procedure.
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Table 2: System Parameters of the Test System.

Parameter ‘ Value ‘
Turbine radius, R 12.5m
Rated wind speed, vy rated 12 m/s
Maximum power coefficient, Cp, max 0.411
Optimal tip speed ratio, Aopt 7.95

Air density, p 1.2kg/m?3
Rated power, Syqted 200kV A
Switching frequency, fs 5kHz
Nominal grid frequency, f, 50Hz
Nominal Line-Line voltage, Vy, -1 690V
Nominal DC link voltage, Vpc,ref 1126.8V
Nominal DC link current, I,, pc 1775 A
Number of pole pairs PMSG, p 28
Permanent magnet flux, ¥ 1.7933 Vs
Inertia of the PMSG, J 10 kgm?
Friction factor of the PMSG, D 0Nms

DC link capacitance, Cpc 10mF
Chopper resistance, Repopper 6.3891 Q)
"Stator" inductance, Lg 0.75774mH
"Stator" resistance, R 0.0024 Q
Grid inductance, L, 0.75774mH
Grid resistance, R, 0.0024 Q
Filter capacitance, C 98.95 uF'
Parallel resistance, R¢ 1000 Q
Virtual inductance, Lgync 3mH
Virtual resistance, Rsync 24 )
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A Appendix

A.1 System Parameters

A.2 Maximum Power point Tracking

A part of the objective for the grid side inverter is to follow the maximum power point tracking (MPPT) of
the wind turbine. The power available from the turbine can be found using the simplified turbine model by
Heier [27]. Here, the kinetic energy in the airflow that can be converted into mechanical power, P, is given
by (37) where p is the density of the air, R is the turbine radius, v, is the wind speed and C, is the power
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coefficient. .
Po = S onRA3C, (0, 6) (37)

The power coefficient, C,,, is dependent on the pitch angle of the turbine blades, 3, and the tip speed ratio A.
A is defined in (38), where wy, is the rotational speed of the rotor.

wm R

U

A=

(38)

All wind turbine designs have their own specific expression describing C),. However, according to Slootweg
et al [28], these expressions does not have large differences and can therefore be approximated by an analytic
function. Therefore the model in (39) is used [27].

116

= - 048 - B)e i (39)

oA B) = 0.5(

Here ); is defined as in (40).
1 1 0.035

N AT0083 B+l
Based on the model outlined above, the turbine needs to maintain its optimal tip speed ratio, Ay, at any given

wind speed to extract maximum power out of the airflow. The maximum power of the turbine, Py, opt, can then
be calculated directly in (41) based on the wind speed and the maximum power coefficient, Cp maz(Aopt, B)-

(40)

1
Pm,opt = ipﬂ'RZ'Ui;Cp,maw (41)
To account for losses, the power set point of the inverter is set slightly lower than the MPPT value as

Pregvippr = 0.95P, opt. (42)
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