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This paper presents modular multilevel converter (MMC) with circulating
current control which provides an improved balanced capacitors voltages.
The control is achieved by employing compensation techniques in the
external and internal controls of the MMC based static compensator
(STATCOM). Performance variations arise during STATCOM non-ideal
operation with grid externally and during capacitors voltage transients due to
charging and discharging within the MMC that result in the emergence of a
voltage disturbance. The proportional integral (PI) controller is usually
employed in the external and internal controls for a fast response and reactive
current control. In this paper, the performance of the PI controller is
improved using voltage compensation in the external control and virtual
impedance in the capacitor voltage control within a five-level MMC. The
proposed control minimizes the variations in the STATCOM operations with

the grid and within the MMC to provide an enhanced overall system
response.
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1. INTRODUCTION

Multilevel inverter topologies are widely accepted as one of the most recent technological advances
in power electronic industries. Their uses are mostly in the area of higher-voltage power applications such as
flexible A.C transmission systems (FACTS) applications, and large power electric drives. These applications
are possible due to multilevel converters’ balanced and distributed voltage stresses that are shared among the
switches. Power quality (PQ) enhancement in the power system distribution has been attained using
multilevel STATCOMs [1-4]. There are many time domain based control schemes such as direct and in-
direct control, power synchronization, and direct-quadrature(d-q) vector control methods applied to the
multilevel STATCOM for the power quality enhancement [5—8]. Among these schemes, the most commonly
employed are the direct control and the d-q vector control methods, employed mostly for reactive power
(VAR) compensations in STATCOM applications[5, 6]. STATCOM applications for VAR compensation and
stability studies have been employed based on different controls and modulation schemes [9-11].

Generally, there is trade-off between the modulation schemes, the switching frequency, transient
response and the use of filters for STATCOM VAR compensation. The transient response can improve with
high switching frequency, but at the expense of high loss and harmonics. Since filters such as inductors and
capacitors are inversely proportional to switching frequency, the high-switching frequency allows the use of
small filters and results in more margin gain to be used to control the VAR at the moderate frequencies. This
control action will help in improving the transients. Filters do reduce harmonics in the system. However, the
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use of filters in VAR application results in the increase of the system response delay [12]. For instance, a
selective harmonic modulation, which is a low-frequency modulation control was employed in [13]. This was
carried out using a proportional (P) controller to achieve VAR compensation in an unbalanced system.

Although the control used a second-order filter to suppress the effects of distortions, the proposed
control still offers a fast response by reaching its steady-state within 5 cyles. However, this compensation
was achieved with a higher-switching frequency (i.e 10 kHz) to attain the desired current control bandwidth.
Furthermore, when the P-control action was compared with the proportional integral (PI) control in the
system, the distortion in the current was marginally reduced. Another control using the carrier shifted pulse
width mudlauation (CSPWM) was carried out in [14]. This control was for a VAR compensation in a
multilevel STATCOM under different operating conditions. The control performance was evaluated from
capacitive mode to inductive mode. The author claimed to have reduced the switching frequency by the use
of a new reactive current reference, the control was achieved using P-controller based decoupled current
control. However, there was a delay in the system at the start up of the control, which reached its steady-state
after approximately 10 cycles. Though at the transition, the transient response was fast. A well-tuned PI-
controller could yield response with zero or minimum steady state error within a small rise time. However, PI
controllers may have some drawbacks which include high settling time and overshoots [9, 15]. It has also
been reported that PI controllers have poor transients compared to other controllers such as hysteresis and
ramp time controllers in voltage source inverter (VSI) STATCOMs [15]. For example in [16], PI control was
employed for STATCOM voltage regulations, but oscillation has occurred in the response and produced poor
transients though there was a minimal steady-state error in the command tracking. Alternatively, the simplest
approach is to use carrier shifted pulse width modulation (CSPWM) which has a moderate switching
frequency feature and a few control complications. This could be employed with proportional controllers for
a decreased rise time and steady-state error [14]. However, this would be at the expense of an increased over
shoot compared to proportional integral (PI) controllers. This is possible due to the facts that as the P-
controller pushes harder for a given level of an error, it forces the control to respond quickly but also to
overshoot more. For an MMC inverter specifically, increasing the stacked cells increases the switching
frequency and voltage ripples. Depending on a number of the levels, this would, in turn, increase the control
complications such as the capacitors voltage balancing and voltage disturbances which produce harmonic
ripples. However, the switching frequency and voltage ripples issues could be resolved by the use of
fundamental (low) frequency techniques such as selective harmonic elimination (SHE) or optimized
switching technique, but with an increased control complexity such as the modulation angle calculation plus
the inherent difficult implementation of a low switching technique [17].

Another challenge in the MMC is the stacked cells capacitor voltage balancing. If the power losses
were identical in all the different H-bridge cells, the losses could be shared uniformly among the cells; thus,
the active and reactive power would be distributed equally within the MMC. However, because of the
mismatch among the components especially the cell capacitors, and the charging and discharging during
switching, the cells would not behave identically, hence result in different losses. This leads to voltage
imbalances and harmonic distortions. To avoid this, balancing control schemes could be employed [18]. This
has been further highlighted as part of the MMC design and operational constraints which contribute to the
capacitor voltage ripple, current ripple, and power loss depending on the capacitor and inductor sizes [19].

The balancing control has effects on the power quality. The voltage imbalance that could arise due
to poor voltage balancing control injects harmonic currents into the system [18]. Haw et al. [14] and Kaw et
al. [20] have studied the voltage support but did not consider the issue of cell balancing voltage disturbance.
This disturbance could contribute to the emergence of the voltage difference between the arithmetical
average dc capacitor voltage of all the phases, and the total arithmetical mean dc capacitor voltage from each
phase. This consideration could have improved the system performance in terms of the active power sharing
between the STATCOM and the grid, and improve system stability. However, balancing control adds
complications by adding many controllers mostly PI-controllers in the modulation control. This addition of
the controllers in the system puts more pressure on the digital implementation; thus, requiring heavy digital
signal processing. Huang et al. [21] proposed control using a repetitive controller to eliminate harmonic
current based on the CSPWM. The transient was good, however, the practical implementation of repetitive
controller requires complicated stability and design in choosing the appropriate low pass filters or comb
filters needed to stabilize the controller. Liao et al. in [22] have improved the balancing control but the issue
of circulating current ripples and voltage ripples remain. Lives et al. [23] and Tu et al. [24] have studied the
circulating current that could be employed to achieve capacitors voltage balancing, and suppress the
circulating current by increasing the inductance of the arm of the MMC. However, the voltage across the
inductor arm deteriorates the performance of the MMC as the inductor consumes part of the amount of the
reactive power (VAR), and the cost increase due to the increase of the arm inductor. Bergna et al. [25] have
proposed energy-based balancing control, using a model which controls the voltage sum and voltage
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difference between the upper arm capacitors and their corresponding lower arm capacitors in the three-phase
MMC. The control was with respect to the energy stored in the arms.

In this paper, for an MMC with stacked cells, limited switching frequency employed using CSPWM
as in [21], would provide a sufficient control bandwidth which would improve the response and provide a
good damping effect. Furthermore, the increased no. of the stacked cells voltage variation in the multilevel
will be used to improve the stability at both grid-interface level and within the MMC internal control. Unlike
in [21], where a large stability analysis due to the repetitive-controller parameter selection was involved, a
simple virtual impedance based PI control with some qualities of a low pass filter such as harmonics
reduction would be employed. This control, unlike in Begna et al. [25], could be applied in both single-phase
or three-phase system, and still, uses the decoupled control. Furthermore, the use of CSPWM with a high
integral gain would eliminate the steady state error [26] when employed in the proposed
control scheme.

Figure 1 depicts the three-phase MMC based STATCOM system. If and Vc re the MMC based
STATCOM three-phase output current and voltage respectively. Vf is the grid voltage at the point of
coupling (PCC). Applying Kirchhoff’s principle on any leg/phase in the three-phase system with respect to
node n, the mathematical relationship between the per phase output current i, the lower and upper arm
currents (i, and #x,), and the circulating current i.;« are given by:
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Figure 1. Grid-connected MMC based STATCOM in the three-phase configuration.

The sub-script ; represents any of the three-phases (u, v or w). Based on (1) and (2), the regulation of
the circulating current ic;+ and the output voltage V. could be achieved by controlling the upper and lower
currents. And the upper and lower arm voltages (Ve and Ve,) given in (3) and (4) respectively.

Vckp = l Vdr - I/ck
2

3)

Ve = SV 4 Vi
2 )

Var is the cumulative equivalent direct current (DC) voltage across the arms. L, is the arm inductance
of each arm. R, is the series resistance associated with the buffer inductance [21].V is the MMC AC output
voltage defined as:

Ve _1 w M sin (ot
2 (5)
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The (5) gives the output voltage under ideal conditions when each voltage of the submodules (SM)
capacitor is constant and equal to the value of Vg/N, M and I. are the modulation voltage and peak output
current respectively. @ and ¢ are the angular frequency and load angle respectively. The basic per-phase
control schemes which are averaging control, individual control, and the arm balancing control use (6)-(9) for
their implementation, and the control scheme could be extended to the three-phase configuration [27]. The
meaning of the symbols in Figure 2-5 are defined as

— 1,— —
Va = E (VCkp + VC/m) (6) (6)
— 1 &
VCA,, = Z VCki (7)
NS ™
. 1 2N
Veu=— Y Vo (8)
J=N+1 (8)
vi=reo v, )
N )

Vi is the per-phase average capacitor voltage in the corresponding phase. Ve and VO are the
average capacitor voltage of the upper arm and lower arm of the corresponding phase respectively. N s the

number of the SM in the upper and lower arm, Ve and Vey are the voltages of the ith and jth SMs in the
V¢

upper arm and lower arm respectively. Y and % represent the reference voltage and reference circulating
current in the corresponding leg respectively.

3
— 1, 8 K:=Kp_ba
Ve, sign (i »)
Figure 2. Block diagram of averaging control Figure 3. Individual balancing control block
diagram

Figure 2 depicts the averaging loop diagram, this control pushes the average voltage Vi of each

V(,tk . When Vi 2 Ve i

phase leg to follow its reference voltage increases and forces the actual

circulating current L to follow its reference current " making V& 1o track its reference voltage V”. PI
controllers can be employed in the tracking, and the output voltage command Y<* from the averaging control

can be produced for the CSPWM. The gains of the PI controllers which are K K- , K and K+ could be
obtained based on internal mode control theory [28].

Figure 4. Arm balancing control block diagram Figure 5. Voltage commands for the PWM balancing
control of the MMC arm
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The individual balancing control pushes each SM capacitor voltage individually in every submodule
Va , the individual balancing control block diagram is depicted in Figure 3.
. . . . ro> i 7 .
The obtained voltage command for this modulation control is V¢ . When Vo 2 Ve the arm current is
charging the SM capacitor, the polarity of the output current is positive. When it is reversed, the arm current

to follow its voltage reference

gets the opposite polarity. The proportional controller with a gain K could be employed. The control block
for the arm balancing is shown in Figure 4. This control lessens the discrepancies in voltages between the

voltages of upper and lower arm. The voltages, Ve and VO are also known as the average voltages of the

positive arm and negative arm respectively. The proportional controller K¢ could be employed. Figure 5
shows the mathematics for the overall voltage command generation for the CSPWM in the control diagram
representation [29]. However, the circulating current control based on Figure 2 which is using the PI-control
is usually insufficient in suppressing the circulating current [21]. Thus, voltage disturbance is introduced on
the SMs and injects harmonic current during normal operation. Taking in any phase-k, the variation could be
explained by the relationship between the energy stored within the MMC arms. The active energy stored in
the upper and lower rams are as follows:

% = L CVchp

2N (10)
Wa = L V2o

2N (11)

Where C is the SM capacitance. From (10) and (11), let the active voltage disturbance which

contributes to the MMC variation be written in terms of the DC component L and harmonic components &
as

N =2—Zé [(1=Msin a)) & 4—;u+§};}cﬁ

N ) i 1, |
Avew =EI(1+Msm(a)t))-(—5+§ldc+;lujdt

(12)

(13)

Where Avey, and Avey, are the voltage change due to disturbances in the upper and lower arms
respectively. The circulating current in the MMC could be given as

1 0
l‘dr - idc + Zirz
3 n=1 (14)
For typical STATCOM applications, the DC component L is zero since there is no DC link DC

voltage source. The harmonic components’ are the nth order harmonics of the circulating current.
Therefore, the real output voltages of the upper and lower arms considering the variation could be as

Vap=1(1—Msin(ax))-(mc+Akap)
2 (1s)

Vo =1(1+Msin(at))-(m+Am,)
2 (16)

Then considering the variation, the total output voltage of the phase leg could be given as follows:
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Vio+Vin =V +%(AVap + Vi) +%Msin(af) ( AV — vy ) =(Vie+ Vi)
(17)

Therefore, V# is the voltage variation between the phase-leg and the total SM voltages (i.e. V"“)
when the system is under normal modulation. Equations (6)—(9) describe the capacitor voltage control and
the active power sharing within any leg. In other words, the active power balancing is per-phase, and it is
employed by adjusting the dc circulating current within the phase leg; thus, it has no influence on the total
active power absorbed by the STATCOM at the grid three-phase interface [1]. To control the active power
and the reactive power at the grid PCC shown in Figure 1, the grid-interface references for the instantaneous

1

active current ~* and the reactive current 1, could be obtained as follows:

I =K(Ve=Ve) a8)

K s the proportional controller gain. Ve is the reference DC voltage for the SM capacitors. Veis
the arithmetical average capacitors voltage of all the SM capacitors in the three legs and defined as

Vo=t ¥ Va
3.5 (19)

The reactive current reference L could be as in [14], assuming all the load reactive power is
obtainable from the STATCOM. This could be defined as

I7q= Q*L = ]Lq

where O and Lo are the reactive load power and current respectively. Va is the MMC output
voltage in the d-axis usually aligned with the grid voltage using the phase-locked loop. Neglecting the grid

source impedance (L‘ and R‘) in Figure 1, the relationship between the grid AC voltage ( Vi ), and MMC
based STATCOM AC output voltage ( Ve ) in the d, q forms:

el e e e

In (21), 1y represents the reactive current of the MMC in g-axis, while

(2]

La

is the active current in

the d-axis. Ve and Ve are the d-axis and g-axis MMC output voltage respectively. Va is g-axis grid
voltage. The MMC-to-grid impedance is as

”

ZTZL/+L
2

+ R +&: Lr+ R
2 (22)

Using the Qo variable in (23) and (24), and assuming the STATCOM currents track their current
references as in [14], the MMC output voltage could be controlled using (25).

Qd =Vu—Vu+olid,— R
Qq = qu - V;q — oL 1 _RT[/q

(23)
24
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Q. ZIC’,i(d,q)(I/’*(d. o—lra, q)) +K . q)j(lf*(d, o~k q)) dt

Va=-Q +I/,d+%(l,q+];q)—RJM

V= QY= Iy +1)~RA,
2 (25)

2.  THE PROPOSED VIRTUAL IMPEDANCE AND VECTOR CONTROL COMPENSATIONS

The proposed control introduces extra voltage compensation in the external control of the MMC
with the grid and adds an extra compensation support in the internal control. These two compensations are
employed to form the overall control. Unlike [14] and [30], in this control, voltage compensation is
considered instead of current which has to pass through the Pl-controllers or P-controllers and adds
additional stress on the controllers during the transients. Also unlike [14], the negligible active current
transfer is considered to enhance the d-axis control, and extra compensation in the internal control is
introduced to enhance the capacitors voltage balancing. This would, in turn, enhance the active power
balancing within the STATCOM; thus, enhancing the overall system control. Principles of transient impacts
employed in [31] and the capacitors voltage variation are summed up to generate an extra transient voltage
support to the PI controllers at the grid interface during the transients.

2.1. External control voltage compensation of the MMC
In Figure 1, the d-q voltage drop which contribute to the small variations between the STATCOM

desired voltage commands (V‘; and Va ), and the STATCOM voltages (V“’ and Ve ), are given in the d-
axis and g-axis forms as

V cd — Vcd = AVz-d (26)
Vii=Veu=AV, @7
Since fast speed response with minimal variation is the aim of STATCOMs, these voltage

deviations (AV”‘” andAV“’) could be subtracted in form of compensation to mitigate the variations, and
speed up the current response during the transients. The voltage compensation is derived as from (26) and
(27), the corresponding desired STATCOM currents would have small deviations from their corresponding
output currents, these variation are defined as

[*/q - I/f/ = A[ﬂl
I*/u _Ifd == Al/d

(28)
29

Assume the resistance in (22) to be zero, and the total interfacing inductance Lr in (22) which also
contributes to the STATCOM variations is modified due to high-switching [31] and considered as

LTcomZ Lf'+ ﬁ
2

(30)
To reduce the variation assuming it happens during the transient time (i.e. At ), in order to speed up

the response of the PI-controller and reduce the current error in (28) and (29), an additional transient voltage
could be derived from (21) as

AV, = =L - L5719 _ o, 1
At (1)

Since the variation happens during the transient time (i.e. At ) in every switching period [31], the

switching frequency (i.e.ﬁ ) could be estimated as the inverse of the transient time for the introduced
compensation, and the compensating voltage in the q-axis would then be as

AVq = —ﬁ  Lieon Alxq — @L1on fd (32)
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Figure 6. MMC based STATCOM system with the proposed external and internal control schemes.

Similarly, from (21), the corresponding active voltage compensation would be derived as:

AVi=—=Lzon d(Md) — Reonlia + &L reondy (33)
d (33)
Similarly (33) is simplified further as:
A Vd = —ﬁ . LT(‘om . (A]/d) - RT('nijd + a)LT(:nm]/q (3 4) (34)

During the transients, the voltage drop variables (i.e. Ruonds. @Lnond. Runl, and @Lrondy in (34)

and (32) can be considered as non-transient terms, whose variations can be adequately controlled by the PI

controllers; thus, ignored. In the other hand, (17) shows how the voltage variation Via could contribute to the
emergence of a small active power difference between the three-phase active power at the grid, and the
summation of the three average per-phase active power controlled within the MMC using Figure 2-5.

In other words, the contribution of the internal active voltage disturbance produced in each
leg/phase explained in Section I [21] is considered.

< AV, .. _
ory -1, AV,
T 1o AV _ .
v -1 AWV oy AV,
= ) — -
1
3 v

Figure 7. Voltage variation d-q components

Thus, these variations produce the capacitor voltage d-q variation components shown in Figure 7. In

other words, the arithmetical average dc capacitor voltage of all the phases, i.e. VC, and the arithmetical
mean dc capacitor voltage of each phase will produce voltage variation d-q components as shown in Figure
7.
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AVCkk:zl, Akak:v and AVCI;,(:M. to

Using the d-q transform, it is possible from the voltage differences
obtain the d-q variation components Aver g Averrhe angle ¢ represents the extent of the voltage
variation among the SM capacitors with respect to the STATCOM output currents in the d-q frame, and is
given as

1 Ave
¢ =tan"' — —tan-| ——
fd Ave (35)

Then the corresponding total voltage variation in the d-q frame given in (32) and (34), could be
modified with respect to the voltage variation among the SM capacitors, and given as

Vieon =— f . LTixm . (A[/H) _(Ai/(]i ) }

Vi =+ L~ () ~(Avey) (36)

The opposing signals V¢ and Vacon i (36) are to be considered as the compensating signals to the
PI control actions in the d-q control. The compensating variables Ve and V" are then added to the outputs

of the d, g-PI controllers (Qd and Q. ) in the voltage reference equation given in (25). This will generate the
" (k) gngV e (6)

enhanced compensated voltage reference (V “\* and ) given in (37). From (36), once the steady-

Avea and AVCq A]fd

state is reached, the capacitors voltage variations in Figure 7 and the current variations

and Al cease to prevail. This will make the compensation to cease to exist.

)
Ve ==+ Vi + Vi + 2'

(£+1,)—Rd

L
V== 4 Vi (I + 1)~ Ry
2 (37)

2.2. MMC internal control using virtual impedance based compensation
The voltage variation from within the MMC discussed in Section II, is a voltage ripple and produces

the DC circulating current ‘@ with ripple current components [32]. The use of the Pl-controllers in the
internal control of the MMC is one of the most common solutions to obtain a zero static error in controlling
the dc circulating current. However, PI-controllers have the small effect in suppressing the harmonic voltage
unless a high-gain high-order controllers such as resonant controllers are employed with the PI-controllers.
Based on the integral feature of resonant controllers, the suppression of the low-order harmonic voltage could
be achieved. This control is mostly achieved using second-order resonant controllers for the low harmonics.
To cancel high-order harmonics, large-order resonate controllers have to be employed.

And many of them have to be cascaded for better harmonics elimination [21]. Note, the bandwidth
of the circulating current controllers are very small due to the limited sample and processing frequency in
MMCs; thus, increasing the order of the resonant controller could not be feasible [21]. Another approach to
reducing the impacts of the voltage harmonics is the use of the repetitive controller. However, the repetitive
controller design requires a complex stability analysis on the controller-filter design. Moreover, the
implementation of repetitive controller requires a heavy digital signal processing. From Section II, the active

voltage disturbance Y« contributes to the STATCOM distortion in each phase leg, by generating voltage

variation between the leg and the total SM voltages (i.e. Vie ). If the variation could be minimized, by
injection of an external virtual current opposing the circulation current, the voltage disturbance impacts could
be mitigated; thus, the total output voltage would equate the total SMs voltages. And the voltage distortions
would become minimal.

This section considers the improved model of circulation current developed in [21], which considers
the presence of the voltage disturbance in the closed loop. Also, it employs the virtual impedance concept
based on droop-method to increase the MMC internal impedance and lessen the amount of the unwanted
circulation current [12]. To check the influence of the virtual impedance in ensuring an improved steady-state

and dynamic performance, the PI-controller in Figure 8 will have ko as the proportional coefficient, ki as the
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integral coefficient, and have the open-loop transfer function as Gi(s). Therefore, the dynamic behavior of
the closed-loop would be as follows:

(ko _is+ki_)in(s) V(s)

iurz's ==
) Ls+R+k _s+k_i 2(Ls+R+k _is+k_i)

38)

(38)
From (38), it could be seen that the internal circuit could be modeled in the equivalent form as

iae(s) = g(5). iin (s)—%(g (39)
o (39)

g (S)is the circulating current reference-to-measured circulating current transfer function, and

ZO(S) .

is the impedance transfer function of the closed-loop system.

Figure 8. Improved circulating current control using conventional PI controller

Considering (39), it is clear that the impedance Zs(s) affects the circulating current control. To

Z(s)

impose a desired impedance and reduce the impact of the voltage disturbance for an improved

stability, the current reference Leirk (S) could be obtained from a new desired current reference Lk (S) as a
function of the voltage disturbance. This could be achieved by the droop-method as

de(S)

L (S) =1 (S) - (40)
Z(s) (40)
where Z(s) is the virtual impedance, and could be obtained by taking the time derivative of a virtual
inductance Lo (i.e. Z(s) = sLu where s is the Laplace operator).

Putting (40) into (39), the dynamic equation of the internal current-loop of the MMC could be

modified as follows :
o (5) = o(5). P (5)—Via HOZORZC)
li(8) = g(8). i ()= Via(s) Z0200) (41) "

Z(8)Zo(s)

Zov(s ) =
Z(S)Zo(5) + Zi(s) is the average capacitor voltage control total impendence transfer
function. The stability effects of this virtual impedance in the closed loop system are described in Section III-

C. It has been reported that the use of the derivative of virtual impedance Zv(s)=sLu increases the total
internal impedance, and reduces the circulation of unwanted current [33]. However, with the presence of
noise, especially in the experimental operations of the MMC, the derivative term amplifies the noise in the
system [12]. To minimize the amplified noise usually generated by the derivative virtual impedance, a low
pass filter (LPF) could be employed along with the derivative based impedance. However, it has been
reported that the LPF can introduce an additional delay which depends on the types of the operating
parameters such as the loads and filters in the system [21]. In the other hand, the virtual transient impedance

concept could be employed to generate opposing virtual current signals (i.e. Lo and iL"'”) with the stability
enhancement without the increase in the system delay. From (41), it could be seen that the enhanced total
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Zov () Zv(s)

impedance could be obtained by paralleling the virtual impedance with the original impedance

Zo(s) to improve the system stability. Therefore, the voltage disturbance Vi which could be obtained from

(17), augmented with the measured average voltage Ve from the original system will produce a variable V
for an improved stability as shown in Figure 9. Taking the time-integral of the voltage V to avoid the use of

the time-derivative for possible noise amplification, gives the virtual inductor current " as

1
l.Lwr = V dt
Lvlr (42)

To avoid the disadvantage of the introduction of virtual impedance in the system, which is imposing
voltage drop during steady state [12], Vis made to be the function of voltage variation Vi ; thus, the current

Ini reduces as soon as the voltage variation is no more at the steady state. This virtual inductor ripple current
is to be an opposing signal to the ripple current in the circulating current. Thus, decreasing the effective
ripples in the system. To impose the injection of only the ripple current in the loop for stability enhancement

and ripple reduction, another virtual term (i.e. ! virtual capacitor) will be introduced to generate a virtual
capacitor current ' which produces an active current component. This would be opposing the active current

component in the produced virtual inductor current 2 This is possible as both currents (i“’"’ and [ ) are the
function of the measured average capacitor voltage. Since the measured capacitor voltages are obtained

mostly using LPF or moving average filters (MAF) [34-37] the virtual capacitor current loir could be
generated from the measured voltage variation shown in Figure 9, with minimal noise without the use of any
additional filter, and given by:

Toir = Ko (VEA- - VCk)

(43)
Ko is the virtual capacitance term that could be given as:
Cu
Kw'm‘ =
Tire (44)

The time constant should be made higher than the switching period (i.e. To>T. ), this would make the
virtual capacitor current nearly constant throughout the discharge and charge period.

The new reference current could be obtained by the addition of the virtual currents to the original
reference current as

.. .. . .

Uik = Lo —\Lovir )+ Tevir ).

k * ( ) ( ¢ ) (45)
%

where ! < is the drooped circulating current reference. Therefore, the outer-loop average capacitor voltage is
droop-controlled as follows:

" = K (Vék - VCk) + KZJ’(VE‘k - VCk) dt
(46)

The virtual impedance control enhancement provides an improved stability without the use of any
additional sensing knowledge, filtering or sensing devices. Once the system is in the steady state, the two
virtual currents stop. Figure 9 shows the closed-loop diagram of the proposed virtual impedance-based
average capacitor voltage control. The other integral controls within the leg-k which are the arm balancing
control and the individual balancing control are maintained, and given by (47) and (48) respectively.
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K.

Gids)

Gifs) Vi

Figure 9. The closed-loop diagram of the proposed virtual impedance-based average capacitor voltage control

Vi = KS(VCkp —vw)ik. (47) (47)

Vis = iKﬁ(V& - VCk(z_/)) (43) (48)

Adding all the balancing control commands (i.e. V*>¥* and V) to the MMC phase AC output

voltage Vi and the DC-link voltage (Vic = Vil 2N ) will give the CSPWM voltage command Vi for the
upper and lower arms as

Vi = Veirk + Viu + Vis + Vic — & (49)
N (49)
Ve

Vii = Veirk + Vi + Vic + Vio +— (50)
N (50)

2.3. Stability analysis of the virtual impedance incorporation
This analysis will be carried out using the improved model of the inner current control. Thus, the

Via

voltage disturbance is considered to be present in the inner-current control. This is a transfer function

based analysis; thus, for simplicity, the variable Via is assumed constant and given a unity value in the outer-
loop. Based on these two assumptions, a reduced closed-loop diagram depicted in Figure 10 is formed.

PL(z) L9 165(2)

Y

6>

....................

Figure 10. The reduced closed-loop diagram of the virtual impedance-based average capacitor voltage control

The purpose of this analysis is to analyze the stability criteria of the virtual impedance placement

Gve (Z) and G ) Gp(Z)

based on their transfer functions (i.e. is the plant model for the inner current

written as:

T.
Giz)=—— 51
B Gb s
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Where 15 is the sampling period. Gpe (Z)is the assumed average capacitor model as in [35-40]. The

Pl (z) ) and the

proportional integral controllers in the z-domain for the inner circuiting current control (i.e.

Pl

outer capacitors voltage control (i.e. (2) ), could be written in the z-domain as (52) and (53) respectively.

(kp_i+ ki_i.Ts)Z _kpi

Pl(z)=
z—1 (52)
PIO(Z) _ (kp vt kv _ v.Ts‘)Z - kpv
z—1 (53)

Gic(z) is the closed-loop transfer function of the inner control depicted in Figure 10. The

relationship between the reference circulating current £ (2) and the inner circulatingcurrent feve(2) could
be written as:

~ Gi(2) Via(2)
1+ PI(z)D(z)Go(z) 2

PL(z)D()Gl2) .y

la(2) = 1+ PI(z) D(z)G+(z) "

(54)
D(z) represents the inner-current control delay. The error e(2) which is introduced in terms of the

voltage disturbance and the new circulating current reference ’ o (2) could be given as in (55).
L (2)+Gr(2).Via(2) /2
o(z) = 12(2)+ Gr2) Vi)
1+ Pl(z) D(z) Go(z)

i ':‘irk (Z) = (lf*xrl\ (Z) - icvir(Z)) + iLvir(Z) (55)

If the inner circulating current control system is stable, the closed-loop eigenvalues of e(2) given
by (55) have to be in the z-domain within the unit cycle. For the outer-loop averaging capacitor voltage

control, the relationship between the capacitor average voltage Va(2) , and its reference Va(z) could be
defined as:
ey Pl(z +GVCZ Gch
Vo(z) = (Plo(2) (2))Gee(2) Va(2)
1+(PIO(Z)+GVC(Z))GCC(Z) (56)
Gre(2) is the virtual capacitance controller, and given by:
Cvir
G (z) =
Tvir (57)

Tvir s the time constant and for stability, it has to be selected larger than the sampling period T s
as to remain at a constant value throughout the transient period. From Figure 10, for simplicity, a transfer

function Gee(2) is derived to form an outer-loop given by:
Gic z G c(Z
Gcc(Z) — ( ) P! ( )
1+ Gu (Z)Gic (Z).Gpc (Z) (58)
Gre(2) is the voltage plant model and is given by:
Gr(2) =
c\Z) = B
e (59)
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G is the feedback term of the semi-outer loop Gee(z) defined as the virtual inductance controller
and given by:
T
Gup=—0H-"
(Z — I)Lvir

(60)

For stability, the bandwidth of the semi-loop Gee(z) with a feedback Gu should be higher than the

bandwidth of the current control. For analysis to be simplified, F(z) is as

F(z)=Plo(z) Gee(2)

(61)
The characteristics polynomial of the overall loop could be as
H(z)=(+F(z)). | 14 82 G2)
1+ F(2) )
Using Figure 9, (62) could be further simplified as follows:
H(z)=(1+F(2)). (1 + ﬂ}
1+ F(2) )
P(2) is given as in (64).
P(Z) _ Gic (Z).Gpc (Z)GVC (Z)
1+GVL (Z)Gic(Z)Gpc (Z) (64)

From (62) and (63), the following two stability conditions should be achieved for the system to be stable:

a) The zeros of the polynomial (I+F(2) have to be within a unit cycle of the z-domain, in the other

G eo(z)

words, the semi outer loop with a feedback term Gu(z) has to be stable before the virtual

G (2)

term is paralleled.

b) Zeros of the polynomial P(2) given in (63) should also be in the z-domain within the unit cycle. In

other words, the zeros of the P(2) have to be on the right-hand side on the root locus plane.

3. DIGITAL IMPLEMENTATION AND RESULTS

The proposed control implementation is done in a digital form, hence presented in z-domain, the
stability analysis is carried out in a discrete domain. The purpose of the proposed control is to enhance the
averaging voltage control with fewer voltage ripples. The capacitors voltage ripple is the source of the
circulating current [32]. Therefore, the reduced ripple would result in providing more suppressed circulating
current. The measured variables described in (1)-(9), and the voltage difference in (17) are fed into the
Simulink model. This approach is for both simulation and experimental studies. The STATCOM step change
is obtained by the load transition from capacitive to inductive mode.

Pl

The discrete outer voltage PI-controller (i.e. (2) ) of the average capacitors voltage is paralleled

with the virtual capacitance controller. In other words, the current Lo (Z) is obtained from the output of the

voltage control PI-controller and then added to the new virtual capacitor current " (2) which is the output of

GVC

the virtual controller (2) . The new voltage controller output current i.e. (l“'"" (2) = deur (2) ), when added

LLvitr

s
to the virtual inductance current ( (2) ), produces a new reference circulating current” (Z) The

discrete error signal (e(z)) described in (55), which is the difference signal between the sampled signal (i.e.
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Leire

(Z)) and the set-point signal (i.e. £ (2) ), is corrected by the discrete PI controller based on the Euler
algorithm [36].

3.1. Simulation result

The simulation has been done using the Table 1 and Table 2 parameters. The time domain step
responses based on the proposed scheme are presented in Figure 11 to Figure 20. Figure 11 has shown that
the zeros and poles of the polynomial and derived in (62) and (63) are on the left-hand side of the root locus
plane. This means is stable before the virtual capacitance control term is paralleled in the system. In other
words, the system ability to become unstable in the proposed closed-loop process is increased as the phase
margin has increased from 93.9 degrees in the conventional averaging to a value of 102 degrees in the
proposed averaging. Figure 12 shows the root locus of the proposed and conventional closed-loop averaging
voltage controls. It could be seen that the zero of the original voltage control concept (conventional) that is
close to the origin is at a point X:-32.02, Y: 0. This zero at the point X:-32.02, Y: 0 has been replaced (i.e. by
position in the root locus diagram) in the proposed scheme with a zero at a point X:-477, Y: 0. Similarly, the
zero in the conventional scheme at a position X:-5561, Y: 0 which is far away from the zero axes, has been
replaced by another zero at position X:-5584, Y: 0. However, both schemes have conjugate pairs of zeros but
their importance has been outweighed by the zeros positions on the real axis line for their contribution to
stability. In other words, their closeness to the zero origin in the root locus plot. The (55) has been employed
to study the voltage disturbance suppression capability for the proposed and conventional control schemes.
The gain performances to disturbance rejection have been shown in Figure 13, and can be seen that the
proposed closed-loop averaging control has a greater suppression ability throughout the high-frequency range
(100Hz to 1MHz) than that of the conventional averaging. Figure 14 shows the steady-state per-phase AC
voltage of the MMC and the grid using the proposed scheme. Figure 15 (a) shows the MMC output active
current control response in the d-axis form in full response. That is, from the introduction of the load (i.e.
during the start-up) to the transition state. Figure 15 (b) shows the expanded-view response during the
transition (i.e. step change in the reactive load). For STATCOM application, the active current supposed to
be small. The active current has been negligible as shown in Figure 15 (b). Figure 15 (c) shows the reactive
current control response in full form. Figure 15 (d) shows the reactive current control response during the
reactive load transition. The active current response exhibits less overshoot compared to the reactive current
response. This is due to the action of the transient virtual impedance carried out in the capacitors
voltage current.

Figure 16 and Figure 17 show the per-phase MMC output voltage produced by the proposed control
and conventional control respectively, during the start-up, the conventional MMC output voltage has a delay
of 0.2 seconds before it reaches its steady-state value of 50-vac. In other words, there is increase in the
settling time of about 0.1seconds during the start-up between the inner current controls in Figure 15 and their
corresponding outer-loop output voltage responses due to the process delay. This delay is shown in form of
the voltage distortion and has been found to be mitigated by the virtual impedance voltage support as shown
in Figure 16. This virtual impedance-based balancing control has improved the voltage levels of the MMC
irrespective of the reactive load. Figure 18 shows the combined responses of the circulating currents, it can
be seen that the circulating current using the conventional approach has a similar response as in Figure 17
(i.e. the delay of 0.2 seconds with oscillations).

Figure 19 shows the capacitor voltages using the conventional and proposed methods. The
balancing using the proposed has shown an enhancement, in other words, the balanced capacitor voltages
using the conventional techniques have more distortions, and these distortions could be seen during the start-
up and slightly during the steady-state process. Note: LFPs are used for the measured capacitors voltages;
thus, the results shown in Figure 19 would have been better with reduced AC contents if MAFs were
employed. The voltage error signal, which is the difference signal between the sampled average voltage

signal (i.e. VC"(Z)) and the set-point voltage signal (i.e. Va (Z)) is corrected by the discrete voltage PI
controller. The results are then presented.

Table 1. Control Parameters of the capacitor voltage balancing for the stimulation and experiment

Symbol Quantity Value
K1 Proportional inner DC current gain 0.16
K2 Integral inner DC current gain 49
K3 Proportional outer DC capacitor voltage gain 7.5
K4 Integral outer DC capacitor voltage gain 375
K5 Proportional arm DC voltage gain 0.5
K6 Proportional individual cap. DC voltage gain 0.5
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Table 2. Parameters of the grid-connected MMC for simulation and experiment
Symbol Quantity Value
f Fundamental frequency 50Hz
Sfow Switching frequency 4kHz
Vr Grid voltage 50 Vac
R Grid resistor 0.500mQ
L Grid inductor 0.120mH
Ry AC coupling resistor 0.100mQ
Ly AC coupling inductor 2mH
R- MMC buffer resistor 0.400mQ
L, MMC buffer inductor 2mH
Ce. Effective capacitor(s) 800uF
Vpc SM reference DC voltage 50V
RL Active/inductive Load (kw/Kvar) 500/500
RC Active/capacitive Load (kw/Kvar) 500/500
Kp_aq d-g-axis proportional current gain 2800
Kiag d-g-axis Integral inner current gain 300

Currents drawn by the load from the grid Oscillations are clearly seen in the response using the
conventional method. It is seen that the currents drawn by the load using the proposed method have fewer
distortions. Figs. 15-20 have shown that the external compensation has improved the d-q current response
and the virtual impedance has improved the capacitor voltage control, which, in turn, improved the MMC

output voltage levels especially during the start-up.
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Figure 11. Root locus of the zeros of
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Figure 13. Root locus of the proposed and
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Figure 16. The MMC output AC per-phase voltage
in per unit (p.u) using proposed averaging control Figure 18. The MMC average capacitors voltages
with the grid per-phase voltage in per unit (p.u).

@ ®

Figure 20 (a) and (b). Show the responses of the d-axis and g-axis

Figure 19. The MMC output (a) active current control full response (b) transition response (c) reactive
current full response (b) step change response

4. CONCLUSION

This paper has investigated the option and simplicity of carrier-based PWM technique in enhancing
the performance of vector controlled MMC for STATCOM applications. The enhancement has been
achieved without the use of additional equipment or use of low switching techniques such the SHE method
which has implementation complications. The suppression of the circulating current by the opposing virtual
currents in the proposed scheme has enhanced the capacitor balancing, which could only be achieved when
the circulating current is controlled. The introduction of the virtual impedance has served as a damping
force. This feature could be used to reduce the losses in terms of harmonics in the SM capacitor cells of
MMC by using a moderate switching frequency. This development has also verified that the need to reduce
the number of harmonic eliminators or increasing the limit of nonlinear loads in the power system could be
achieved in the MMC system for STATCOMs applications.
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