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Abstract: Modular multilevel converters (MMCs) are characterized by modularization and multielectric equality, and
the application of this structure to a high-voltage large-capacity static synchronous compensator (STATCOM) shows
good potential. In this paper, a modified instantaneous symmetrical component method is proposed for positive- and
negative-sequence decomposition, i.e. the critical part of the control device, which can accurately detect the instantaneous
value of each sequence component in three-phase asymmetrical phasors in real time. Then, based on this method, the
paper proposes a control method for MMC-based STATCOMs that solves the problems of multi-DC (direct current)
voltage balance, grid-connected current control, and circulation suppression. Finally, the proposed detection and control
methods are verified by performing simulations and experiments. The results show that the proposed method can quickly
and accurately detect the positive- and negative-sequence reactive component that should be compensated by the device,

thus realizing real-time reactive compensation for MMC-based STATCOMs.

Key words: MMC, STATCOM, modified instantaneous symmetrical components, unbalance compensation

1. Introduction

With the development of power systems, a large number of reactive loads results in grids with low power factors.
In addition, unbalanced loads result in unbalanced three-phase grids [1-3], which have a negative impact on
the stability, safety, and economical operation of power grids. The use of static synchronous compensators
(STATCOMS) can effectively increase the system power factor and improve the voltage level, which is an
important component of flexible AC transmission systems (FACTS) [4, 5]. With the increased scale of power
systems, there are greater requirements with respect to the capacity and voltage class of compensation devices.
Therefore, the development of STATCOMs with high voltage and high power is an inevitable trend [6, 7].

The structures of modular multilevel converters (MMCs) are highly modular. By increasing the number
of power units, the main circuit can be expanded, and the output level is large, having a small influence on the
harmonic wave of AC networks [8-10]. In addition to realizing flexible DC transmission, MMCs can also be
used as STATCOMs in the field of power-quality control [11]. MMCs have been used extensively in flexible DC
transmission systems and have yielded a series of research results. However, the application of MMCs to the
field of power quality is still in the initial stages, and there is an urgent need for additional research. The focus

of the present paper is STATCOM-based MMCs, and a control method was designed for the working condition
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of the reactive power. FExperimental results show that MMC-based STATCOMs can realize flexible reactive
power control, but a detailed control method is not illustrated.

Positive-sequence and negative-sequence decomposition is a significant link of STATCOMs. The tradi-
tional symmetrical component method is a three-phase asymmetrical system analysis method that is based on
the steady state, while the instantaneous symmetrical component method adopts the instantaneous value of
the three-phase asymmetrical variable in order to perform the symmetrical component transformation [12-14].
Thus, it can be used in the dynamic and transient analysis of three-phase asymmetrical systems. However, most
of the literature represents the sequence components of the three-phase asymmetrical variable in the plural or
differential form, and a 90° phase shift should be conducted to obtain the instantaneous value of sequence
components during the transformation. It is not possible to represent the instantaneous value in a real scenario.

The design method of the hardware parameters and controller of MMCs has been studied in [15-19], but
these methods cannot be directly applied to reactive power compensation control of the MMC-based STATCOM.
In the present paper, we propose a modified instantaneous symmetrical component transformation method. We
use a two-point sampling method according to the corresponding relation between the rotation phasor and its
instantaneous value in two-dimensional time-domain orthogonal coordinates. Moreover, it further designs the
control method of multi-DC voltage, positive- and negative-sequence current, and circulating-current restraint

of MMC-based STATCOMs. Finally, we verify the results by performing simulations and experiments.

2. Structure of MMC-based STATCOM
The topology structure of the proposed MMC-based STATCOM is as shown in Figure 1. The submodule is
composed of half-bridge and DC capacitance. Each phase consists of upper and lower bridge arms, which are
in parallel in the common DC bus. Each bridge arm is connected by N power unit submodules and a bridge
arm reactor L. The equivalent circuit diagram of the MMC main circuit is as shown in Figure 2. L, and R,
indicate the equivalent reactance and resistance, respectively, on the AC side and e,; and i,; are the voltage
and current, respectively, of the AC side. L refers to the bridge-arm inductance. u,; and u,; refer to voltages
of the upper and lower bridge arms, respectively, i,; and ¢,; are the currents in the upper and lower bridge
arms, respectively, and j represents the a, b, and ¢ phases.

With respect to the bridge-arm current, in addition to the AC-side output current component, there is
a part i,; that circulates only in the bridge arm. This component does not output active power to the AC

side. According to Kirchhoff’s current law, the loop current in the j phase can be represented by the bridge-arm
current.

izj = %(im‘ + inj) (1)
The AC-side output current is
bsj = inj — lpj (2)
According to Eq. 2, the MMC AC-side output current is related only to the difference between the upper
and lower bridge-arm currents. The required AC output current can be obtained by controlling the upper and

lower bridge-arm current using a specific control strategy.
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Figure 1. Topology structure of MMC-based STATCOM.
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Figure 2. Equivalent MMC circuit model.

According to Kirchhoff’s current law, it can be concluded that

Unj —Up; L disj
g e Gl

Similarly, it can be deduced that the DC side satisfies the following equation:

diz;
dt

Udge — (upj + unj) = 2L (4)

According to Eqgs. 3 and 4, the upper and lower bridge-arm voltages include the AC component and DC
component, where the DC component is the same, and the AC component has the same amplitude and opposite
phase. The DC-side voltage of the MMC is related to the sum of the upper and lower bridge-arm voltage, and
the AC side voltage is related to the difference between the upper and lower bridge-arm voltage. Therefore, the
required DC and AC output voltages can be obtained by varying the voltage of the upper and lower bridge arm

using a specific control strategy.
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For the line side, the MMC-based STATCOM can be viewed as a voltage source that has the same
frequency as the voltage of the grid, but with a variable output voltage amplitude and phase. By adjusting
the output voltage amplitude and phase to control the output current, the reactive power required by the grid
is absorbed or transmitted, enabling the reactive power compensation for the grid to be completed. Figure 3
shows the equivalent circuit and working vector diagram of the STATCOM in the ideal situation. It can be
seen from the figure that the phase difference between the current and voltage vector is 90° owing to the
existence of the grid-connected reactor. Then the phase of the STATCOM output voltage ujo and network
voltage e,; remains the same. In the capacitive condition, when es; > uj,, the current vector is a 90° leading
voltage, the STATCOM can be regarded as an inductance, and the reactive power output is negative in the
capacitive condition. In the inductive condition, when e,; < u;,, the current vector is a 90° lagging voltage,

the STATCOM can be considered a capacitance, and the reactive power output is positive.

Aisj €y ijcivj
—
€y ]stlsj Uj,
L e .
L yu v I
(a) Capacitive condition (b) Inductive condition

Figure 3. Working vector diagram of MMC-based STATCOM.

3. Modified instantaneous symmetrical components

3.1. Symmetrical component method and instantaneous value representation in phasor-time
domain

Three-phase asymmetrical phasors can be decomposed into three groups of symmetrical phases using the

symmetrical component method, that is, positive-, negative-, and zero-sequence components. In the present

paper, the relationship between the three-phase asymmetrical phasor and its sequence components is illustrated

using the example of a voltage phasor (with the basis reference of the phase voltage), as shown in Eqs. 5-7:

(U] 1 (1 a ?] [U,
Ut = 3 a2 1 al||U (5)
US| La a? 1 | LU
(U 1 (1 a®> a] [U,]
U, | = 3 a 1 a?| |U (6)
U- _a2 a 1 | _UC_

Uo= U, + Uy +U.)/3, (7)

where U,, Uy, U, are the three-phase voltage phasor; U, U;r ,UT are the three-phase positive-sequence
component; U, , U, ,U; are the three-phase voltage phasor; Uy is the zero-sequence component; « is e2m/3

Herein we present an example involving the use of a voltage positive-sequence component to analyze the

representation of the instantaneous value of the phasor in the time domain. The positive-sequence phasor of
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the three-phase voltage is expressed as follows in the form of real and imaginary parts:

Ul = ReUJ + jImU}
U = ReU; + jImU;t (8)
Ul = ReUS + jImU}

When the phasor is rotated at an angular velocity w in the 2D orthogonal coordinate system «f, the
projection on any of the axes of this phasor can be defined as its instantaneous value. In this case, the § axle
is selected; thus, the imaginary part of the voltage phasor in Eq. 8 refers to the instantaneous value of each

phasor.

Eq. 8 is substituted into Eq. 5 and it is then expanded in the form of real and imaginary parts:

ReU, ]

ReUFT ([1 0 - = o %mga
ReUt| == -1 3 1 0 _1 _ V3 €U (9)

rur| 3|3 s ows O o ||t

Ve -2 % —3 % 1 0 ]lRen,

ImU., |

ReU,]

ImU,

I T L
ImUF| =2 |-8 _1 v3 1 b 10
b 3 2 2 0 1 2 2| | ImU, (10)

ImUe P35 =% 5 0 1] |ge,

ImU. |

As can be seen from the above two equations, as long as the instantaneous value of the real and imaginary
parts of the three-phase voltage phasor is detected in real time, the instantaneous value of the real and imaginary
parts of the positive-sequence voltage phasor can be obtained.

3.2. Implementation of modified instantaneous symmetrical components with two sampling
points

In the present paper, the time-domain instantaneous component of each voltage phasor is determined by
employing the two-point sampling method with the use of the characteristics of the fundamental-wave sinusoidal
quantity. The sampling period is set as T, t; is the last sampling time, and ¢y is the current sampling time,

and so the corresponding voltage u representing the instantaneous value of ¢; and t5 is expressed as follows:
uy = Up, sin(a — wTs) (11)

uy = Uy, sin a, (12)

where U,,— voltage peak; a— current-voltage phase angle; w— angular velocity.

The real and imaginary parts of the voltage phasor can be obtained using Egs. 13 and 14 as follows:
ReU = (Uy coswTs — Uy)/V/2sinwTy (13)
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ImU = U, sina/V2 = Uy /2 (14)

It can be seen from Eqgs. 13 and 14 that when the sampling period T is determined the voltage phase U can
be determined by two consecutive sampling points because wTs is a definite value (because T is very small,
when the frequency of the fundamental wave of the grid fluctuates over a small range the influence on w7y is
negligible).

The three-phase voltage phasor is expressed and sorted in the form of real and imaginary parts according
to Egs. 15 and 16, respectively.

1

ReU, ST ctanwTy 0 0 0 0 Uar
ImU, 0 1 0 0 0 0 Ugo
ReUp| _ 1 0 0 Sin_vas ctanwTy 0 0 Un (15)
ImU, V2 0 0 0 1 0 0 Up2
ReU, 0 0 0 0 ﬁ ctanwTy U
ImU. 0 0 0 0 0 1 Uea

Here U,1,Uq2,Up1, Upa, Ue1, Ugo are two consecutive instantaneous value sampling points for the three-
phase voltage.

Eq. 15 is substituted into Eqgs. 9 and 10 and it is sorted as follows:

Ual
—1 1 —ctaanS—\/g 1 —ctaanS-i-\/g Ua2
ReUf 1 ST, ctaans\f Tsin wT, p) SsinwT, 2 sl o,
+ | _ 1 —ctanwTs+v3 —1 1 —ctanwTs—+3 1
ReUb - 3\/5 2sinwTy 2 sinwTs Ctaans 2sinwTy 2 sz (16)
Rer 1 —ctanwTs—V3 1 —ctanwT+V3 —1 ctanwT.
2sin wT, 2 Zsin wis 2 sin wTs E Ue
Uc2
Ual
—+v3 V3ctanwTs—1 —/3 —v3BetanwTs—1 Uag
ImU;F 1 0 1 2sin wls 2 2sinwT, 2 U
ImU+ — V3 —V3BctanwTs—1 0 1 -3 V3ctanwTs—1 bl (17)
b 3\/§ 2sin w7 2 2sinwTs 2 Ub2
I’/TL(]CJr -3 V3ctanwTs—1 V3 —V3ctanwTs—1 0 1
2sinwTs 2 2 sin w7 2 Ucl
Uc2

According to Egs. 16 and 17, the voltage phasor of the current moment can be obtained by using the
two-point sampling method to continuously collect six sets of data. Meanwhile, the amplitude, phase angle,
and sine and cosine function of the positive-sequence components of the voltage are conveniently obtained by

using phase A as an example.

Ut — \/ (ReUZ )2 + (ImU )2 (18)
ay+ = arctg(ImU; /ReU;") (19)
sinag+ = ImUS /U (20)
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cos ap+ = ReU U (21)

The instantaneous expression of the real and imaginary parts of the negative- and zero-sequence components of

the voltage can be obtained according to the above derivation process.

4. Control method
4.1. Fixed DC voltage control

In an ideal situation, there should be only a reactive power exchange between the modular multilevel STATCOM
and the grid, and the DC-side voltage should be constant. However, in actual cases, owing to the loss inside
the modular multilevel STATCOM device, the DC-side voltage must change. The main part of the modularized
multilevel STATCOM is the MMC. The normal operation of the MMC can be directly affected when the voltage
loses stability on the DC side. Therefore, it is necessary to conduct voltage stability control on the DC side of
the modularized multilevel STATCOM to ensure the normal operation of the device. Changes in the DC-side
voltage will cause the exchange of active power. Therefore, the voltage on the DC side is balanced by the control
of the active current output from the STATCOM. In an actual implementation, the error signal can be sent to
the PI link for nonstatic tracking by comparing it with the reference value after detecting the DC-side voltage,
that is,

’L::{ = Kp(Udref — Udc) + K; /(Udref — Udc)dt, (22)

where Kpand K; are respectively the proportion and integration coefficients of the PI link and Ugycs refers to

the DC voltage instruction value.

4.2. DC voltage balancing control

In MMC systems, the DC capacitance-voltage balance of each submodule is based on the normal and stable
work of MMC systems. Because of the reference positive direction of the current, the upper and lower bridge
arms are different in the j phase, and it is necessary to consider the influence of the current direction of the
bridge arm when introducing the capacitance-voltage balance control of the submodule. The basic principle is
to multiply the bridge-arm current by the difference between the submodule capacitance-voltage value u.;; and
the average DC voltage of the bridge arm wu.; after passing the proportional controller. Thus, the capacitance-
voltage balance control component Vg« of the submodule is generated. Then this component is added to the
modulating wave to effectively realize the balance control of the capacitance voltage of the submodule. Thus,
the capacitance-voltage balance control correction component V4« of the submodule satisfies

Vagee = {—K,ﬂ = (fey = uci)ipg (i = 1,2,3..N) (23

Kp1 = (Uej — ucyi)ing(t =N +1,N+2,N +3..2N)

For the 7;, submodule in the upper bridge arm, if the capacitance-voltage value u.j; is greater than its
reference value, when the bridge-arm current ¢,; > 0 the output voltage balance-control correction component
Vajir > 0. Accordingly, the capacitance of the submodule releases the active power, that is, the capacity
discharge, and the capacitance voltage of the submodule decreases. In contrast, when the bridge-arm current

ipj < 0, the output voltage balance control correction component V4 < 0. Accordingly, the capacitance
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of the submodule absorbs the active power, that is, the capacity charge, and the capacitance voltage of the
submodule increases, and so on. In this paper, the capacitance voltage balance control correction component
of the submodule can be obtained by combining the reference voltage value of the capacitance voltage of
different bridge arms and the direction of the bridge-arm current. The component directly affects the release
and absorption of energy stored in the DC current capacity of the submodule, thus determining the submodule

voltage and helping to realize the voltage balance of the submodule.

4.3. Current decoupling control

In the present paper, the DC current control method is adopted to control the internal power flow in the MMC
system by controlling the three-phase current on the AC side. Compared with the MMC used in flexible DC
transmission, the MMC-STATCOM does not lead to the DC side and so there is neither a zero-sequence path
nor a current. Therefore, the MMC system is decomposed into a three-phase symmetrical positive-sequence
system model and a negative-sequence system model, and the two systems are respectively controlled. The

respective decoupling mathematical models can be described as follows:

Uy = ey +wlily — [Kp(iarey —ily) + Kin [y —i7,)dt] (24)
Uy, = edy —wLsily — [Kpio(idy — id) + Kio [(id; — id,)dt]

od = €eq — WLiisy — [Kpia(iny — i) + Kiis [(iy) —ig,)dt] (25)
Ugq = €3q + Whyigy — [Kp1a(iz, — ig,) + Kina [ (i3, — i5,)dt]

+
Among them, e, el

sqr €sq> and ey, are the dq components of the positive- and negative-sequence

components of the AC side voltage, and i:d, iy, and i . are the dq components of the positive- and

i+
Iggs
negative-sequence components of the grid-connected current.

4.4. Circulating current suppression method

In MMC systems, the common DC bus transmits both active power and reactive power through the DC
capacitance in the submodule. However, owing to the incomplete capacitance of each submodule, there are
different instantaneous values of the three-phase bridge-arm voltage, resulting in circulation. Circulation is
the mechanism responsible for energy exchange and DC capacitance voltage control, and it will distort the AC
current flowing through the bridge arm, causing increased system loss. In the present study, a negative-sequence
double-frequency circulation suppressor was designed, and it is shown in Figure 4. Its basic working principle
is to calculate the phase circulation i,; by the j phase bridge-arm current, and to obtain the dq component
i.q and 1.4 in the negative-sequence double-frequency rotation coordinate system of the three-phase circulation
using the abc/dq transformation. After comparison with the reference value, the circulation restraint three-
phase voltage corrections V;,, V5, and V- are obtained after passing the PI controller through decoupling

control.

4.5. Overall control
By integrating the DC voltage stability control, DC voltage balance control, positive- and negative-sequence
current decoupling control, and circulation suppression control, the modulating wave signal of each power device

can be obtained by combining the linear voltage signals of each control link. Figure 5 shows the overall control
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Figure 4. Negative-sequence double-frequency circulation suppressor of MMC.

structure of the MMC. Positive- and negative-sequence current decoupling control can achieve positive- and

negative-sequence modulating wave components uj and u; of each phase bridge-arm module. The negative-

sequence double-frequency circulation suppressor can acquire uZ;, and the DC voltage balance control can
obtain the modulating wave correction u}; of each unit. The modulating wave of each unit can be generated
by adding the four modulating wave components. The present paper adopts the carrier phase-shift sinusoidal
pulse width modulation (CPS-PWM) strategy as the modulation method, and the lower switching frequency
can be used to achieve a higher equivalent switching frequency [15,16]. If each bridge arm has N submodules,

the single-phase output voltage will have 2N+1 level. The method of PI parameter design can be referred to
[17,18].

l2j ) Circulating Current uZ]I +
Suppression Method

*_ o o% 4> 4»
Isd, Isq
| g
Reactive power detection l:q* u-+ 0 | al g
P ’ ! 7Y
Current Decoupling J .J + | 2 U%
i*J Control : -'éu " w»
Fixed DC Voltage S > ! zZ | 0;59’
Control ! =
* 4’
Ucji . Upji
— 7'l DC Voltage Balancing -+

Control

Figure 5. Overall control block diagram of MMC.

5. Simulation and experiment study

5.1. Simulation verification of modified instantaneous symmetrical components

In this section, MATLAB is used to establish a simulation model that performs simulation verification for
modified instantaneous symmetrical components. The initial state is set as three-phase voltage symmetry, the
base wave frequency fo is 50 Hz, and the sampling period Ts is 12.8 kHz. The simulation time is set to 0.1
s. During the period t = 0.02 s-0.04 s, there is a failure of simulation voltage drop. During the period t =
0.06 s-0.1 s, the voltage of phase C is disconnected, and there is a three-phase asymmetrical transient fault of
simulation voltage. The specific simulation waveform is as shown in Figure 6.

In Figure 6, the waveforms from top to bottom are three-phase voltages wu,, up, and u.; three-phase

positive-sequence voltage components uj, u;r, and uj; three-phase negative-sequence voltage components u_ ,

476



DUAN et al./Turk J Elec Eng & Comp Sci

Uy, Up, USV

Uy, uy, U /V

u/V

; i i i i
0039 00395 0.04 0.0405 0.041

t/ms
Figure 6. Simulation waveform based on modified instantaneous symmetrical component method.

u, , and u ; and zero-sequence component uy. As can be seen from the figure, the three-phase voltage waveform
is symmetrical when ¢t < 0.06s. Therefore, the corresponding three-phase voltage positive-sequence component
waveform is entirely consistent with the three-phase voltage waveform, while the three-phase negative-sequence
voltage and zero-sequence voltage are zero. At t = 0.06 s, the phase C voltage is suddenly disconnected, i.e. u.
= 0, owing to the two-point sampling method, and only the transient transition time of one sampling period
(1/T, = 78.125¢~%s) is required, and the sequence components of the voltage can reach the steady state. In
the steady state, the negative-sequence and zero-sequence components of the voltage are not zero because of
the three-phase asymmetry.

In addition, as can be seen from the figure, during the transition of a sampling period, each sequence
voltage changes suddenly. The local amplification of the transition process is as shown in Figure 6 (this is a case
of the positive-sequence voltage of the B phase). The major reason is that when the voltage changes suddenly,
the increase in wuy causes an increase in the molecular difference. Compared with the sharp increase in ReU
arising from denominator small data sin(wTs), the large difference results in a sudden change in the sequence
components of the voltage. In practical engineering applications, the data are limited to data processing.
Furthermore, when the voltage is going through normal changes rather than short-circuit or open-circuit or has

other limit fault states, it will not cause a large voltage change.
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5.2. Simulation verification of MMC-based STATCOM
The parameter design of the specific MMC device is not the focus of this paper; interested readers can refer to
[19].

When the system is connected to a resistance capacity load, the simulation waveform of the modularized
multilevel STATCOM reactive compensation condition is as shown in Figure 7. In the simulation model, the
main circuit parameters are as shown in Table 1, with a three-phase symmetrical load. The load resistance is

100 €2, the load capacitance is 250 u F, and the simulation time is 0.2 s.

Table 1. Main parameters of the simulation model of reactive compensation in equilibrium condition.

Parameter Name Parameter Value
Effective value U; of grid line voltage 10 kV
Bridge-arm inductance L, 10 mH
Inductance L on AC side 5 mH
Capacitance value of submodule C 470 pF
Capacitance voltage reference value Ucref of submodule | 4 kV

Number of bridge-arm modules N 4

Carrier frequency f. 2kHz

Figure 7a shows the phase voltage and current waveform diagram of the grid. As can be seen from the
figure, the grid current is ahead of the grid voltage before the STATCOM is put into operation owing to the
presence of the resistance capacity load. Because of the role of the STATCOM output compensation current,
the phase voltage and current are always in the same phase.

Figure 7b shows the phase voltage and STATCOM output for the phase-compensation current waveform
diagram. As can be seen, when the STATCOM is put into operation after 0.1 s, the current output from it lags
behind the grid voltage in order to realize compensation for the leading current in the grid. Meanwhile, as can
be seen from Figures 7a and 7b after the input, the STATCOM has completed the compensation for the grid
current after 0.02 s, i.e. a cycle with a fast response speed. Figure 7c shows the power-factor waveform diagram.
The system power factor is 0.62 before the input of the STATCOM. However, it is significantly improved to 0.99
after the input of the STATCOM, and the voltage and current are basically in the same phase, thus verifying
the validity of the proposed STATCOM control strategy.

Figure 7d is the capacitance voltage waveform of the phase A submodule. Before 0.1 s, the capacitance
voltage of the submodule is near the reference value, and the circulation is smaller because the STATCOM is
not input. When the STATCOM is input, after a temporary stability period, the capacitance voltage may still
fluctuate around the reference value.

5.3. Experiment verification of MMC-based STATCOM

In order to verify the effectiveness and feasibility of the proposed control method, the present study constructs
the MMC-based STATCOM, as shown in Figure 8 and Table 2, and carries out the test verification. The
reactive load used in the experiment is a purely inductive load of 30 kVar, and the experimental waveform is as
shown in Figure 9.

Figure 9(a) shows the experimental waveform of the system line voltage e,, (waveform 1), the device’s

phase A output voltage uc, (waveform 2), and output current ic, (waveform 3). Owing to the three-phase

478



DUAN et al./Turk J Elec Eng & Comp Sci

| Beforereactive compensation | [

| Afterreactive cor'nﬁ ensatioh
1 1 1 1 1 1 i Il
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0

Time/s

voltage 10kV/div Current 5kA/div
o

.2

(a) Voltage of phase A and current

AN AN AN
JANAWAWAN A

SRYRVAVAY Svay
¥ \/l \/. \/. . | . .\/.\/

Time/s

(b) Voltage of phase A and STATCOM output for phase A compensation current

1.2 T T T T T T T T
1.1 .
5 0
g o9f i
o) 08 4
E .
0.7 N
0.6 .
05 1 1 1 1 1 1 1 1
"0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time/s
(c) Power factor
4250 T T T T T T T T
> Uca2 Uca3 Ucad
>
%‘3 4000 f——
g
L
= - Uca5 Uca6 Uca7 Uca8 -
'é 3750 lower  Upper
arm arm
E
3500 ] 1 1 ! | ] ] ]
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time/s

(d) Phase A submodule capacitance voltage

Figure 7. Modularized multilevel STATCOM reactive compensation condition.

symmetry of the device, only the phase A voltage and current experimental waveform are given here. As can
be seen from the figure, uc, lags ey by a phase angle of nearly 30°, and i¢, lags uc, by nearly 90° degrees,

satisfying the basic principle of reactive power. In addition, the required output voltage of the device is small
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(¢) Experimental waveform diagram of icq, icp, and ic.  (d) Experimental waveform diagram ofuc, and ic, inversion
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Figure 9. Reactive load compensation experiment.

owing to the small output power capacity, showing the low output voltage level of the device, only 9.

Figure 9(b) shows the experimental waveform diagram of the phase A load current ip, (waveform 2)
and the device’s output compensation current ic, (waveform 1). It can be seen that i¢, can track iy, in real
time as well as the output reactive power to the system in order to realize reactive compensation. In addition,
the phase of i¢, lags behind that of 7., which is a comprehensive tracking error caused by data detection,

filtering, and tracking control.
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Table 2. Parameters of the simulation model.

Parameter Name Parameter Value
Effective value Uy of grid line voltage 1140 kV
Bridge-arm inductance L, 10 mH
Inductance L, on AC side 15 mH
Capacitance value of submodule C 5600 pF
Capacitance voltage reference value Ue, .y of submodule | 350 V

Number of bridge-arm modules N 3

Carrier frequency f. 2 kHz

Figure 9(c) shows the experimental waveform diagram of the three-phase output current icq, ice, ice
and Figure 9(d) shows the captured transient waveform diagram of the output voltage (waveform 1) and current
(waveform 2) of the starting stage of the device. Because the image capture and displayed time-axis scale is
larger, the display image is rougher. As can be seen from the figure, the first three cyclic waves of the voltage
waveform are the voltage applied to the device after the device closes and before compensation starts. Since that
instance in time, the compensation device starts operation and the output voltage reaches a stable state through
the transient oscillation process for about one quarter of a cycle. The compensation current is 0 until the device
compensation starts, and the compensation instruction current is tracked quickly after the compensation starts.

The experiment of Figure 10 is to simulate the tracking compensation ability of the MMC-based STAT-
COM when the impulsive reactive load changes abruptly. Two groups of reactive load 30 kVar and 60 kVar are
set up in the experiment. First, 30 kVar is put into operation, and at a certain time 60 kVar is put into operation
to simulate the sudden change in reactive load. Because of the three-phase symmetry and space limitation, only

the experimental waveforms of phase A are given here.

AR AAARARAAAA
COVVUVT VYRV

®D 200mv 20.0ms 20.0ms 50.0Kk/T/#S H%Eg s @ 1.00V 2 J(20.0ms 50.0k7K/Fh  THER S
[@ 200mv 20.0ms [ IOKAA - U.OOV} C [ 10k & - 0.00\/}
(a) Experimental waveform diagram of i1, andic, (b) Experimental waveform diagram of ucqandicg

Figure 10. Impulsive reactive power load compensation experiment.

Figure 10(a) shows the experimental waveform of load current ir, (waveform 1) and device output
compensation current ic, (waveform 2). It can be seen that ic, can track and compensate iy, in real time
when the reactive load changes abruptly. Figure 10(b) shows the waveforms of uc, (waveform 1) and ic,
(waveform 2). It can be seen from the graph that when the load suddenly changes the output voltage of the

device transits to a stable state through a transient process of about half a cycle. The observation of ug,
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shows that although the level number does not increase, the number of peak level pulses increases significantly,
which indicates that the effective value of uc, increases, which is caused by the increase in reactive power
compensation capacity.

Figure 11 shows the test waveform of the device for unbalanced reactive compensation. The experimental
load is an inductive reactive power of 30 kVar and resistance 30 2. The resistance is strung into the inductance of
the phase A line, thus simulating the unbalanced three-phase load. Figure 11(a) shows the waveform of the three-
phase asymmetric load current ir,, iry, and ir.. Figure 11(b) shows the three-phase output compensation
current ic, (waveform 1), icp (waveform 2), and ic. (waveform 3) waveforms of the device. Figure 11(c)

shows the current ijfp (waveform 1), i;“fp (waveform 2), and ijfp (waveform 3) waveforms of the compensated

three-phase system. Therefore, the three-phase current is almost symmetrical.

I

®D 100mVv 10.0ms [lﬂ.ﬂms 100k T/ 70 AH S ] 100mv : To.oms 10.0ms 100k K/ ﬁﬁg 7
R2 100mV 10.0ms 10k & 0.00v ® 100mv 10.0ms [ 10k & 0.00v}
R®3) 100my 10.0ms ®3 100mv 10.0ms

(a) Experimental waveform diagram of ir,, irp, and irc (b) Experimental waveform diagram of icq,,icp, andic.

100mv 10.0ms 10.0ms 100k;T/%b H, S ®D 1.00V 10.0ms 10.0ms 100k / AHL £
(R 100my 10.0ms 10k s 0.00V B2 100mv 10.0ms 10k & 0.00V
®3) 100mv 10.0ms

(c) Experimental waveform diagram of i:fp’ i;'fp , and i;"f (d) Experimental waveform diagram of ucg and icg

p

Figure 11. Three-phase unbalanced load compensation experiment.

According to the experimental waveform diagram in Figure 10, the device can effectively compensate the
reactive power and negative-sequence components in the three-phase asymmetrical load, and so the system can
only provide the positive-sequence active component of the three-phase fundamental wave. Figure 11(d) shows
the experimental waveform diagram of the output voltage uc, and the output current ic, of phase A of the
device. As can be seen from the figure, the device also outputs a negative-sequence compensation current in

addition to the reactive-power compensation current.
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6. Conclusion

In this paper, we proposed a modified instantaneous symmetrical component transformation method for an
MMC-based STATCOM to further design the control method of a multi-DC voltage, positive- and negative-
sequence current, and the circulation suppression of an MMC-based STATCOM. The proposed method can
detect the sequence components in three phases asymmetrically in real time, and with fast dynamic response
speed within several sampling points.The proposed control method can control the compensation currents within
one quarter of a power frequency cycle. The simulation and experimental results show that it can detect and
control the positive- and negative-sequence reactive components that are required by the device quickly and

accurately in order to realize the real-time reactive compensation of MMC-based STATCOMs.
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