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Abstract: As the proportion of large-scale wind farms and distributed wind power connected to
the power grid increases annually, the effects of their intermittent and random characteristics on
the active and reactive power fluctuations of the power grid are becoming increasingly evident,
causing frequent voltage fluctuations at the grid-connected point. To solve these problems, this
study proposes a new topology of an electromagnetic var compensator (EVC) based on a rotary
phase-shifting transformer (RPST). The EVC can work under capacitive and inductive conditions to
compensate for inductive and capacitive power, respectively. In accordance with the parallel steady-
state mathematical model of the EVC, a double closed-loop control strategy with high precision
and considerable robustness is proposed for the EVC on the basis of instantaneous reactive power
theory. Finally, simulations show that the topology of the proposed EVC exhibits bidirectional and
continuous adjustment capability that can meet the reactive power compensation requirements of
power systems with a high percentage of wind power. Compared with the existing reactive power
compensation device, the EVC exhibits the advantages of high voltage, large capacity, low cost, strong
impact resistance, and good tolerance, imbuing it with great prospects for development.

Keywords: grid-connected wind power; reactive power compensation; control strategy; rotary phase
shift transformer

1. Introduction

In September 2020, the 75th United Nations General Assembly presented the goal
of “carbon peaking and neutrality” [1]. To achieve this goal, the proportion of renewable
energy represented by wind power connected to the power system is increasing annually,
and it will become one of the main power sources of the power system in the future [2—4].
With the rapid development of wind power and the gradual increase in its penetration rate,
it has brought significant challenges to the voltage control of the power grid [5]. Since the
output of wind turbines is highly fluctuated by the randomness of wind speed, the voltage
at the grid connection point fluctuates frequently. The voltage drop at the grid-connected
point makes the transmission capacity of the grid-connected converter limited; power
reverse transmission will cause the voltage to exceed the restriction, becoming a bottleneck
problem that restricts the development of wind power [6]. In addition, the dynamic reactive
power support capacity of wind turbines is weaker than that of conventional power sources.
When the reactive power reserve of the system is insufficient, it is easy to cause voltage
collapse, which seriously restricts the ability of the power system to absorb large-capacity
wind power. On the other hand, the distributed wind power at the end of the power system
also makes the flow direction more complicated [7,8]. Therefore, only by configuring
reactive power compensation equipment to meet the reactive power requirements of the
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system can the voltage be kept within the normal range and the stable operation of the
high-proportion wind power system be maintained [9].

Static var compensator (SVC) is the most widely used reactive power compensation
equipment in the power system, which has the characteristics of simple installation, low
cost and high regulation efficiency. SVC mainly includes two types of thyristor switched
capacitors (TSC) and thyristor controlled reactors (TCR) [10,11]. However, TSC can only
achieve reactive power classification adjustment due to capacitor switching. TCR can con-
tinuously adjust the injected reactive power by changing the trigger angle of the thyristor,
so it is often used in conjunction with TSC to absorb excess reactive power compensated
by TSC [12-14]. However, the power electronics have harmonic problems during regula-
tion, which brings significant challenges to the power quality of the power grid [15]. A
static synchronous compensator (STATCOM) based on a voltage source converter (VSC)
has been rapidly developed in recent years. STATCOM can not only provide continu-
ous and dynamic reactive power support, but also considerably improve the harmonic
problem. However, achieving large-capacity, high-voltage, and widespread use is difficult
due to the problem of withstanding high voltage and the high costs of power electronic
devices [16-18]. Therefore, it is difficult for the existing reactive power compensation
device to satisfy the two aspects of precise compensation and low costs at the same time.

Considering that passive devices and STATCOM have complementary advantages,
some scholars proposed combining the two devices in a series and parallel to form a hybrid
compensation device, which can take into account the compensation effect and equipment
cost simultaneously. In [19,20], a composite system composed of multiple groups of TSCs
and STATCOM in parallel was proposed; the voltage drop at the parallel point will directly
affect the reactive power output of the TSC, causing the reactive power compensation
capacity of the entire device to drop rapidly. In [21], the authors proposed that SVC and
STATCOM could be connected in parallel. The TCR and TSC must cooperate to achieve
large-capacity continuous compensation, further reducing the capacity of STATCOM. How-
ever, the control strategy is more complicated due to the interaction among devices. A
hybrid compensation device of a thyristor-controlled series compensator (TCSC) in series
with STATCOM was proposed in [22,23], while TCSC in parallel with STATCOM was
presented in [24]. The TCSC effectively increased the reactive power compensation range
of the device but also injected harmonics into the system during the compensation process.
A CHB-STATCOM was proposed in [25] that can effectively reduce voltage stress without
a transformer and exhibit ideal output characteristics. In [26], an MMC-STATCOM broad-
band impedance shaping control scheme was developed to improve the stability of wind
farms. In addition, some scholars have also presented new ideas. The authors of [27,28]
proposed connecting STATCOM to the high-voltage side of the distribution transformer.
However, if high-order harmonics are present in the injected current, then problems, such
as transformer overheating, winding vibration, and noise, will likely arise.

In the 1990s, GE Corporation of the United States proposed an AC power transmission
device based on rotary phase-shifting transformers [29] (RPST), the rotary power flow
controller (RPFC). A new power flow model for RPFC was proposed in [30]. The RPFC
controls the power flow on the line by adjusting the phase shift angle of the two RPSTs to
synthesize an adjustable voltage phasor on the line. Therefore, referring to the working
principle of VSC and the voltage synthesis mechanism of RPFC, this paper proposes a new
topology of an electromagnetic var compensator (EVC) based on the RPST. The biggest
difference between EVC and RPFC is that the former compensates reactive power by
changing the current injected into the grid at the parallel point, while the latter changes
the series voltage phasor on the line to control the line power flow. EVC exhibits the
advantages of continuous and two-way reactive power adjustment capability, high voltage,
large capacity, convenient operation and maintenance, economical cost, strong impact
resistance, and excellent tolerance.
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The primary objectives of this study are as follows:

(1) Proposing the topology of an electromagnetic var compensator (EVC) and analyzing
its working principle.

(2) Presenting a reactive power compensation control strategy that is suitable for the EVC.

(8) Verifying the feasibility and effectiveness of the proposed topology and reactive power
compensation control strategy through simulations.

2. Model of the EVC Based on Rotary Phase-Shifting Transformer (RPST)
2.1. RPST

RPST is similar in structure to a wound rotor asynchronous motor. A wiring diagram
of RPST is shown in Figure 1, where rotor windings A, B, C are connected to the power
supply as primary windings while stator windings a, x, b, y, ¢, z are connected to the
load as secondary windings. The primary windings are controlled by a rotor drive device,
including the motor, gear and rotor shaft, which rotates at a certain angle to adjust the
phase difference of the output voltage relative to the input voltage. Since RPST generally
uses multiple pairs of poles, only a small angle rotated can achieve phase adjustment in
practical applications, and the adjustment range can reach 180 electrical degrees.

o a

Gear

Figure 1. Wiring diagram of RPST.

Assume that the RPST is a pair of poles. When the primary windings are connected to
the power supply, the excitation current generates a rotating magnetic field in the primary
and secondary iron cores and the air gap between them. The rotating magnetic field
cuts the primary and secondary windings to generate induced electromotive forces Ej,
E,, the amplitude of which is proportional to the number of turns of the primary and
secondary windings. At the same time, the phase depends on the relative positions of the
primary and secondary windings. U; and Uj are the input and output voltages of the RPST,
respectively. When the primary windings rotate by o degrees against the direction of the
rotating magnetic field, as shown in Figure 2a, the secondary windings are ahead of the
primary windings by « degrees. The following relationship exists:

Uy~ —E @
By = Dlei ©)
€
. . E; _. U
Uy~ —Fy=——e 1% —e71¢ 3
2 2 I K 3)

where k. is the effective turns ratio of the primary and secondary windings. The waveforms
of the input and output voltages are shown in Figure 2b, with the secondary voltage uy,,
Upp, Uy lagging the « angle of the primary voltage u1,, Uy, Uic.
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Figure 2. Windings position and voltage relationship: (a) Windings position; (b) Voltage relationship.

2.2. Topology of the EVC

Figure 3 shows the topology of the EVC based on RPST. It is composed of two RPSTs,
a filter inductor L, and a compensation capacitor C. Ay, By, Cy, Ay, By, C; represent the
primary wmdmgs of the RPST, and ay, by, ¢1, ap, by, ¢ represent the secondary windings of

the RPST. ng is the system equivalent power; Zgy is the system equivalent impedance; U,
is the parallel pomt Voltage U,x and U are the primary and secondary side voltages of the

EVC; and ng, wa, and IX are the grid-side, wind power side, and compensating currents,
respectively. Subscript “x” in the above symbols stands for phase a, b, and c.

Yy
>

Wind
wh B power
systems

| &
1T
| L2
1

A

Figure 3. Topology of the EVC based on RPST.

A static RPST can be equivalent to a transformer. The voltage amplitudes of the
primary and secondary sides are related to the turns ratio of the windings. Meanwhile,
the phase shift angle depends on the relative position angle of the primary and secondary
windings. Selecting the EVC grid connection point voltage phasor as the reference phasor,
when the phase shift angles of the two RPSTs with a fixed number of winding turns are £«,
respectively, a voltage phasor with a fixed phase and continuously adjustable amplitude can
be synthesized on both sides of the capacitor to change the reactive power emitted by the
compensation capacitor as long as the rotation angle of the rotating mechanism is adjusted.
The use of two RPSTs to replace the power electronic device bridge can considerably reduce
the investment of the entire equipment. Compared with STATCOM, the unit price of
STATCOM is about 75 USD/kVar, and the operating loss is usually 6-8%, while the cost
of EVC is only 30 USD/kVar, and the operating loss is generally 2-4%. In addition, EVC
can not only realize full compensation for the reactive power of the wind power system,
but also has the advantages of high voltage, large capacity, convenient operation and
maintenance, good impact resistance and high tolerance.
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3. Working Principle of the EVC

To explain the working principle of the EVC, the single-phase equivalent circuit of the
EVC s established as shown in F1gure 4. L' is the equivalent filter inductance that considers
the self-inductance of the RPSTs. U, U; and U, are the EVC’s parallel point Voltage RPST’s

primary side voltage, and compensation capacitor’s voltage, respectively. I and I. are
the compensation current and capacitor current, respectively. The reference directions of
voltage and current are as shown in the figure.

a-
<,
|

Figure 4. Single-phase equivalent circuit diagram.

To simplify the study, assume that the turns ratio of primary and secondary windings
is 1. The KVL equation is written for the primary side of the circuit:

U=jwlT+T, (4)

Since U, is in phase with the reference voltage phasor U, their amplitudes U, and U
are taken when calculating the apparent power S. The later text also follows this method. S
of single-phase EVC can be expressed as:

-+ UU -Uy)
S=Ul =j—————~ 5
] (.UL, ( )
Therefore, the single-phase compensation reactive power is:
UUu -1,)
= I =
Q=Im(s) = ©

It can be seen from the Formula (6) that when U > Ur, Q > 0, EVC absorbs reactive
power; when U < Ur, Q <0, EVC emits reactive power. Hence, EVC can both absorb and
emit reactive power, enabling flexible compensation of the reactive power required by the
system.

The phasor diagrams of the two ideal operating modes of the EVC are shown in
Figure 5. The grid-side parallel point voltage is set as the reference phasor. 1Wq and I are
the reactive component of the wind power side current and the compensation current of

the EVC, respectively, which must satisfy I = —qu to maintain the power factor of the grid

side at 1. US1 and Usz are the secondary side voltages of the two RPSTs.

Figure 5a shows the ideal capacitive condition of EVC. At this time, the wind power
system absorbs reactive power. The primary side voltage of RPST is greater than the
parallel point voltage. The compensation current Lis ahead of the parallel point voltage U.
EVC presents pure capacitive characteristics on the grid side. Figure 5b shows the ideal
inductive condition of EVC. At this time, the wind power system emits reactive power.
The RPST primary side voltage is less than the parallel point voltage. The compensation
current I lags the parallel point voltage U. EVC presents pure inductive characteristics on
the grid side.
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Figure 5. Phasor diagram of two ideal operating modes. (a) capacitive condition; (b) inductive
condition.

4. Parallel Steady-State Mathematical Model and Control Strategy of the EVC
4.1. Parallel Steady-State Mathematical Model of the EVC

The single-phase equivalent circuit diagram of the EVC connected to the power grid
is shown in Figure 6. iﬂ and Lz are the primary side current of the two RPSTs. Trpsr is
the voltage transformation ratio of the RPSTs, which is set as 1 to simplify the calculation.
o and —« are the phase shift angle of the two RPSTs. The preceding diagram does not
consider system resistance loss.

. Stelj"up wind farm
[|J transformer |
| @ i

1Ty Lo 1,
e

U |=—cC

1:Tpsr £—x

RPST

I

Figure 6. System single-phase equivalent circuit.

In accordance with the transformer principle, the relationship between the primary
and secondary side voltages of the two RPSTs can be expressed as:

{ [;Jsl = TRPSTej“Ug @)

Ugo = Trpste '*Uy

On the basis of the principle of vector synthesis, the capacitor voltage U, is obtained
by connecting the secondary windings in series as follows:

UC: 2TRrpsTCOS oUy (8)
In the same manner, the current relationship can be obtained as follows:
[= 2TrpsTCOS ocic )
From Equation (4), the compensation current of the EVC can be expressed as:

[=(U-U,)/jwl! (10)
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Knowing the capacitor voltage, the reactive power emitted by the capacitor can be
obtained as:

Q. = UzwC (11)

According to the compensation current of EVC, the reactive power absorbed by the
inductor is:

Q =TFwL (12)
Thus, the reactive power compensated by the EVC to the grid can be expressed as:
Q=Q - Q. =Pl — U2wC (13)

Putting Equations (8) and (10) into Equation (13):

U-Ur\? 2
Q = ( — ) wL/ — (2Tgpstcos aU;)“wC (14)

To simplify the calculation, let TrpsT be equal to 1. Simplify further:

/ 4cos?oew?L/C 172
wL'Q+ 7CU U

1—4cos® xw?L! = (U, -
1 — 4 cos?ow?l'C " 1—4cos*aw?l'C

)2 (15)

fa s / 4cos?axw?l/C 172 : : o
The latter is ignored due to wL'Q > =/ cooaricY After approximate simplifi
cation, the relationship among EVC compensation reactive power, grid connection point

voltage, primary side voltage and RPST phase shift angle can be obtained as follows:

wL'Q .- U
1 — 4 cos?ow?L/C "1 —4cos?aw?l'C

)2 (16)

4.2. Control Strategy

A control strategy of the EVC based on RPST is constructed. A diagram of the control
strategy is shown in Figure 7.

v RPST
i

s
U, IRV
—_— 111

PLL L J e
Uabclab\‘lmbc .

Y 7

|
-abc

——— e ——— —— — ]

Ucm 1 |
arccos )

T:Trrent inner loop control , =0
L

+
140 X)L

Power
calculation

Figure 7. Control strategy diagram of the EVC.
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The control strategy of the reactive power compensator is implemented in the dq
rotating coordinate system. The grid-connected point voltage is fixed on the d axis through
a phase-locked loop (PLL). The dq coordinate system rotates at the power grid fundamental
angular velocity w. Decompose Uy, into dq components in this coordinate system:

Ug ] _2[ coswt cos(wt—2m/3)  cos(wt+2m/3) ga -
Ug | 3| —sinwt —sin(wt—27/3) —sin(wt+271/3) Ub
C

In the same way, Iy, Ig, I.q and I¢q can be obtained. The active and reactive power of

EVC can be expressed as:
P|_3[Us Uy Iq
o=zl "

The main design idea of the power control outer loop is to dynamically adjust the
reactive component of the secondary current according to the reactive power output by
the EVC. To achieve the above purpose, the reactive power control loop can be designed

as follows:
2wC K
leq = \/ - (Km + = ) (Quet — Q) (19)

where Q¢ and Q are the reference value and actual value of reactive power of EVC, respec-
tively. Kp; and Ky are the proportional and integral parameters of the PI controller, separately.
The magnitude and phase of the secondary current phasor are:

|IC| = \/{ (KPZ + %) (chref - ICd)]z + [ <KP3 + %) (Icqref - Icq)]z

K;
Kps+ % ) (Icqref 71“1)

K;
KPZ + % ) (chref *ch)

(20)

0;= arctan (

where I gt and I 4 are the reference and actual values of the active component of the sec-
ondary current. Ioqref and Ioq are the reference and actual values of the reactive component
of the secondary current. Kp, and Ky, are the proportional and integral parameters of
the active current inner loop PI controller. Kp3 and Kj3 are proportional parameters and
integral parameters of the reactive current inner loop PI controller.

The capacitance-voltage phasor can be expressed as:

{ IUc|_= ('ffc‘i (1)

The d-axis component of the capacitor voltage is:
Ucref = |UC‘COS Bu (22)

The phase shift angle of RPST is:

Ucref
X = arccos 20, (23)
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In accordance with the reactive power control of the EVC shown in Figure 7, the
control system realizes the tracking of compensation reactive Q to reactive command value
Qret and secondary reactive current Ioq to reactive current command value I gref through the
reactive power outer loop and reactive current inner loop, respectively. This article does not
consider the control of the active part of EVC, so in the following analysis, i.q = icdref = 0

5. Simulation Analysis

The three-phase system model of the EVC with a rated voltage of 690 V and a bidi-
rectional compensation capacity of 1 MVar is built in the MATLAB/Simulink simulation
platform in accordance with Figure 3. Because the RPST adopts the structure of the wound
asynchronous motor in practice, in order to accurately reflect the dynamic characteristics of
the EVC, the wound asynchronous motor module is used to simulate the working process
of the RPST in the simulation. The rotor speed of the asynchronous motor module is set
to 0, and the rotation phase shift angle output by the control strategy is input to the asyn-
chronous motor module. The regulation characteristics of EVC are tested using reactive
load instead of wind power system.The simulation system parameters are provided in
Table 1.

Table 1. Simulation of system parameters.

Parameter Value
Power voltage es/V 690
Power Equivalent Impedance Zs/Q) 0.01 +j1 x 105
Inductance L/mH 0.11
RPST rated capacity/MVA 2
RPST rated voltage/V 690
RPST stator side impedance (pu) Zg 0.01 +j0.11
RPST rotor side impedance (pu) Z; 0.01 +j0.11
RPST magnetizing inductance (pu) L 3.36
Capacitance C/mF 3.68
Scale factor of power outer-loop controller K;, 0.1
Integral factor of power outer-loop controller K; g 3
Scale factor of active current controller K, 4 0.1
Integral factor of active current controller K; 4 20
Scaling factor of reactive current controller Ky, 4 0.1
Integral factor of reactive current controller K g 20

First, the compensation range of the EVC is tested. Then, the compensation effect of
EVC is studied and analyzed in capacitive and inductive operating conditions, respectively.

5.1. Adjustment Range of the EVC

The adjustment range test of the EVC is illustrated in Figure 8. The EVC operates
under maximum capacitive conditions with an initial rotor rotation angle of 0°. At this
moment, the capacitor voltage is the highest, and the EVC sends out about 1 MVar of
reactive power. The rotor rotation angle is adjusted to +90° at 5 s and switched to the
maximum inductive condition. At this moment, the capacitor voltage is close to 0 and
the EVC absorbs about 1 MVar of reactive power from the grid. Since a certain margin is
considered in the parameter design, the actual compensation range of EVC is slightly larger
than £1 MVar.
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Figure 8. Adjustment range.

5.2. Adjustment Effect Analysis of the EVC
5.2.1. Capacitive Condition

To verify the adjustment effect of the EVC under capacitive condition, the reactive
power command Qs is set to —1 MVar. At 0-1 s, the EVC has not yet been put into
operation, and the required reactive power is provided by the grid. At this moment,
the power factor of the grid side is 0.707. The three-phase voltage and current before
compensation are presented in Figure 9a, where the voltage and current of the grid exhibit
phase deviation and the current lags behind the voltage. The EVC is put into operation at
1 s to compensate for the inductive reactive power. After the adjustment time t; = 0.66 s, the
power factor is increased from 0.707 to 1, and the overshoot o is 0. The three-phase voltage
and current after compensation and power factor are shown in Figure 9b,c, respectively.
The tracking of the compensated reactive power Q to the reactive command value Qs is
illustrated in Figure 9d. The EVC achieves full compensation for the inductive reactive
power after a response time of about 0.7 s, and the steady-state error with the reactive
power command value is 0. The secondary-side current component tracking is depicted
in Figure 9e. The current reactive component Iq can achieve the tracking of the reactive
current command value I.gref. Meanwhile, the current active component is extremely small
and does not exceed the current limit.

5.2.2. Inductive Condition

To verify the adjustment effect of the EVC under inductive conditions, the reactive
power command Q. is set to 1 MVar. At 0-1s, the EVC has not yet been put into operation.
At this moment, the power factor of the grid side is 0.707. The three-phase voltage and
current before compensation are shown in Figure 10a, where the voltage and current of the
grid exhibit phase deviation, and the current is ahead of the voltage. The EVC is put into
operation at 1 s to compensate for the capacitive reactive power required by the system.
After the adjustment time t; = 0.53 s, the power factor is increased from 0.707 to 1, and
the overshoot o = 0. The three-phase voltage and current after compensation and power
factor are presented in Figure 10b,c, respectively. The tracking of the compensated reactive
power Q to the reactive command value Q¢ is shown in Figure 10d. The EVC achieves full
compensation for the capacitive reactive power after a response time of about 0.8 s, and
the steady-state error with the reactive power command value is 0. The secondary-side
current component tracking is depicted in Figure 10e. The current reactive component
Iq can achieve the tracking of the reactive current command value I.qef. Meanwhile, the
current active component is extremely small and does not exceed the current limit.
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Figure 9. Simulation results of the adjustment effect of the EVC under capacitive condition: (a) The
three-phase voltage and current before compensation; (b) The three-phase voltage and current after

compensation; (c) Power factor; (d) Reactive power; (e) The secondary-side currents.
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Figure 10. Simulation results of the adjustment effect of the EVC under inductive condition: (a) The

three-phase voltage and current before compensation; (b) The three-phase voltage and current after
compensation; (c) Power factor; (d) Reactive power; (e) The secondary-side currents.
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6. Experimental Verification

To further verify the validity of the EVC topology proposed in the current work, a 380 V
EVC prototype experimental platform is built, as shown in Figure 11. The compensation
capacitor is 380 V/6.6 kVar. An open-loop experiment was designed to test the bidirectional
compensation range of the EVC by adjusting the phase shift angle of the two RPSTs to
verify the effectiveness of the proposed topology.

5\\

S

Figure 11. Test prototype.

The initial phase shift angle of the RPSTs is 90°, and the synthetic voltage is 0. There-
fore, the reactive power emitted by the capacitor is 0, and the reactive power absorbed by
the EVC reaches the maximum value. Then, the phase shift angle of both RPSTs is adjusted
to 0°. At this point, the synthesized voltage reaches the maximum value and the EVC emits
the maximum reactive power. It can be seen from Figure 12 that the compensation range of
EVC can reach £1 kVar. Figure 12a shows the phase shift angle of the RPSTs. Figure 12b
shows the actual reactive power compensation range of the EVC.
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Figure 12. Single-machine verification results: (a) Phase shift angle of the RPSTs; (b) Reactive power
compensation range of the EVC.
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7. Conclusions

An EVC based on RPST and suitable for wind power access is proposed in this
study. The working principle of the EVC under two typical conditions, i.e., capacitive and
inductive, is analyzed. The parallel steady-state mathematical model of the EVC is studied,
and a dual closed-loop control strategy with good robustness and high control accuracy is
proposed. The effectiveness of the proposed topology and control strategy is verified via
simulation. The following conclusions are drawn.

(1) This study proposes a new topology of a shunt reactive power compensation device by
replacing the power switching tube bridge of an VSC with RPSTs, which exhibits the
features of a simple structure, low costs, no need to provide a separate power supply
and isolation transformer, high voltage, and large capacity. The proposed topology
can meet the requirements of power systems with a high percentage of wind power
for the precise adjustment of reactive power compensation equipment, economic cost,
easy operation and maintenance, strong shock resistance, and good tolerance.

(2) Applying the instantaneous reactive power theory, a double closed-loop control
strategy for the EVC, including power external and current internal loop controls, is
proposed in this work. This strategy exhibits the characteristics of robustness and
high control accuracy.

(3) It is verified by simulation that the EVC topology and control strategy proposed
in this paper can be applied to the power system with reactive power fluctuation
after wind power is connected. The EVC is capable of bidirectional, continuous, and
large-capacity compensation. The EVC has the ability to compensate precisely within
its rated regulation range, providing new ideas for reactive power compensation
devices and their control strategies.

For the experiments, only the single-machine experiment on the EVC was carried out;
the subsequent grid-connected experiments need to be further researched and verified.
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