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This paper presents the application of modular multilevel converter (MMC)
as a static compensator (STATCOM) for reactive current control. The current
control is mostly achieved using proportional controller, proportional-
integral (PI) controller, and hysteresis controller among others. PI controllers
have the advantage of low harmonics and small variations. However, due to
the PI controller’s dependency on the system parameters and also due to the
variations within the MMC during capacitors voltage control, variation in the
MMC performance during the STATCOM non-ideal operations occur. To
mitigate this, an improved performance of MMC will be presented using
vector-based compensation concept. The proposed control will be introduced
to depress the effect of the dynamics of the MMC based STATCOM non-
ideal variations considering the impact of the voltage disturbance. This will
be achieved by the introduction of voltage variables to subtract the transient

variations from PI controllers’ outputs at the grid-interface; thus, improving
the performance.
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1. INTRODUCTION

There are many types of disturbances which can affect or precisely reduce the grid power quality
(PQ) [1, 2]. Power disturbances depending on their magnitudes, nature of the end users, intermediary power
devices among others can affect the quality of the grid system significantly. The degrading of power quality
can be due to voltage distortions, sags, voltage transients, swells, flickers and unbalances in voltages,
interruptions, and current spikes among others. The static compensators (STACOMs) are shunt devices, and
their reactive power (VAR) compensations have been used in mitigating these power problems with good
transient and dynamic performance [3-9]. STATCOM applications for VAR compensation and stability
studies have been employed based on different control schemes [10—12]. Lawan et al. [13, 14] have
employed the direct approach to improving the power factors using MMC based STATCOMs. The power
factors were improved with good transient performance. However, the capacitor voltage disturbance was not
considered in the compensation scheme. This could have improved the transient response of the system. Haw
et al. [12] and Kaw et al. [15] proposed voltage support using STATCOM. In [15], there were good transient
performances of the STATCOM, which was employed using proportional (P) controllers. However, the issue
of individual capacitor cell voltage variation with respect to the total three-phase arithmetical capacitor
voltage was not considered in the compensation. This could have improved the active power balancing
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between the STACOM and the grid. Moreover, incorporating the voltage disturbance and capacitor balancing
control in [15] could have added complications to the selective harmonic elimination (SHE) modulation [16].

A well-tuned PI-controller can yield response with zero or minimum steady state error within a
small rise time. However, PI controllers may have some drawbacks which includes the high settling time
[17, 18]. It has also been reported that PI controllers have poor transient response compared to other common
controllers such as hysteresis and ramp time controllers in voltage source inverter (VSI) STATCOM:s [18].
For example in [19], PI control was employed for STATCOM voltage regulations, but oscillation occurred in
the response and produced a poor transient response even though there was minimal steady-state error in the
command track. Amir et al. in [20] presented PI controller in which its gain was obtained by an automatic
gain process, proposed to reduce the high-source impedance oscillation effect and to lessen the phase-locked
loop (PLL) inherent delay effect. There was a good stability enhancement due to reduced oscillation during
the steady-state performance. The control technique was further employed in [21] to reduce the same effect
of the PLL. However, overcurrent that was three times higher than the rated current was produced by the
STACOM during the load step change. This overcurrent imposed the use of increased rated power devices.
Another approach is the use of the biologically shaped PI-controllers [22—25]. The objective of this paper is
to introduce a simple and less computationally heavy algorithm unlike the algorithms in [25] and [23]. It is
also, to exploit the feature of the external compensation on controllers proposed by the authors in [12] for
VAR compensation and control enhancement. Since the MMC has little active power exchange externally
with the grid for the typical STATCOM application [26], an improved response can be achieved by
compensating both the negligible active power and the reactive power. In other words, unlike in [12], this
proposed algorithm does not sacrifice the contribution of the of d-axis current which is usually assumed
negligible. From [27], instead of adjusting the PI-controllers gains to achieve improved response under
different operations, a transient compensator to be derived will be augmented with a capacitor voltage
injection [28] to introduce voltage compensation. This compensation will enhance the control of the PI-
controllers under different operations. The proposed algorithm will be derived in this paper to produce
opposite voltage support to the d,q-PI controller output variables ( Qs and Qq ). This will be in response to the

STATCOM d-axis and g-axis variations in the current control. Furthermore, the introduction of voltage
compensation will mitigate the variation impact from the growing number of SM capacitors in the MMC
applications. Unlike [29], this paper will not replace the PI controllers which have the advantage of less
current distortion with the hysteresis-like controllers that exhibit high distortion [29]. Instead, the proposed
control will incorporate the advantage of the use of the PI controllers and super-impose them with the
proposed voltage compensator.

2. MODULAR MULTILEVEL CONVERTER (MMC) INVERTER BASED STATCOM
Figure 1 shows an MMC based STATCOM system connected to a power grid. The amount of
required power that will produce the required STATCOM current |r which flows through the coupling

impedance Z: depends on the difference in voltage between the STATCOM AC output voltage (i.e. V. ) and.
the grid voltage at the point of coupling (PCC) (i.e.V: ).

If the source impedance (i.e. source inductance Ls and source resistance R: ) is assumed negligible,
the grid source voltage (i.e.Vs) would be the same as Vi . The system voltage relationship is illustrated in (1),
where O represents the phase angle between the STATCOM voltage (i.e. Ve ) and the grid voltage (i.e.Vr ).

Vi-Vi£%8

I
Z (M

Based on (1) using the diagram of Figure. 1 the system transfer function with an angular frequency o is
given by:
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Figure. 1.The three-phase MMC based STATCOM connected to the grid system

In (2), the Iy is the reactive current of the MMC while I« is the active current. L+ and R: are the
coupling inductance and resistance respectively. Ve is the MMC three phase output voltage in the d-axis
usually aligned with the grid voltage using the phase-locked loop. Ve is the MMC output voltage in the g-
axis. Vs and Vi are the grid d-axis and g-axis voltages respectively.

In Figure. 1, the per-phase current can be considered as ix . The sub-subscript  represents any of the
three-phases (u, v or w). The lower and upper arm currents are denoted as I and o respectively. The
circulating current is denoted as lorc . The Vee is the MMC output voltage and can be obtained by controlling
the upper arm voltageV «, and the lower arm voltage V. The Vi is the equivalent direct current (DC)
voltage across the arms. The cumulative MMC-to-grid inductance and resistance are then defined by (3).

Lr =Lf+%:Rr=R.+%

3)

Integrating (2) between the present sample (k) (i.e. sub-script k) and the next sample (k+1) over a
given period (i.e. Tic. ¢ ) during the current control will give:

Qa' (A—,A'Jrl) = Vfd(k,kﬂ] - I/m'(k,kﬂ] + Cf)LT]fg (k,k+1] - Rr]ﬁf(k]

“)
Oy (ki) = Ve (k) = Vig (k1) — @ Ll (k k1) — Relly (k) (5)
The relationship between the rates of change of the MMC output d, q currents with time can be

expressed in terms of the variables Qu (k.k+1) and Qq(k.k+1) given in (6) and (7).

ﬂ _ Qdk.k+1)
dt Lr (©6)
dly,  Odk.Jer1)
dt Lr 7

The d,g-variables Qu (k.k+1) and Qq(k.k+1) in (6) and (7) can be obtained from the outputs of PI
controllers as
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Qan q (k.kﬂ] = K> _id. q) (]f(d= ) (Hl] - ]f(et ) (k]) +
K: . qn_f (]f(d= o (ka) = Lra o) (k]) dt

®)

These d,q-variables can be used to obtain the corresponding d,g-voltage components for the
modulation of the MMC during the same sample period as follows:

Ve (k1) = Vi (k1) + @ Ll (k1) — Rela (k) — Qa (k.k1) ©

Veg (k1) = Vi (k1) — a)LJﬁ;(I},M) Rl (k) — Qg (kk+1)
(10)

where the d,q proportional and integral controllers’ gains Kr iw.q) and Ki iw.q) with the sample
rate Tiw.q can be obtained [12] respectively as

K.l‘_ :i{.&
Tois 3

(11

R:
K[7 id, q) = KP _ild, q) *ﬂ(d,q) T

Lr (12)

The PI controllers fast response make the STATCOM output d,q current references (i.e. li . q) (k+1)),
with the d,q-PI variables (i.e. Q.q (kk+1)) of the next sample period meet up with the current sample d,q

current references |;.q (k) with d,g-PI variables Q.q (k) respectively as follows:

yes (k+1) = 1z (k) (13)
Lo (k1) = L4 (k) (14)
Equations (13) and (14) can further be written in an average form as:

l LK)+ l I;d (k) = Lt (k k1)

2 2 (15)
L Lalk) + lf;,__. (#) = g (k.#+1)

2 2 (16)
Expanding (8) in separate d,q forms using (13)and (14) gives:

Qa'{k) = ;((f)(lﬁ[k) Iﬂ(k))-FK ?((f)j(]ﬁ{ Iﬂ[k})df -

(k) = I (K (K)+K:_ I (K (K
a Ko o Ly (0 —LulB) o] ( Ly (1)) — Lol i) a8

Due to the action of the PI controllers in (17) and (18). The grid voltage and the MMC based
STATCOM output voltage are assumed constant within the same period, and defined as:

Viia o (k1) = Vi oo (%) a9
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Vea. oy (kes1) = V™ eia o (k) 20)
Putting (13)-(20) into (9) and (10) gives the d,q voltage references as
") =Ko _co (L (8)—Lal#)) — Ko o (I (1) — Lo (i) )t
+ Vo lk) +%b(j§ql'k'\ +1; \'k’l) — Rdal(x)
Vale) ==K _io( I (0 =T () = Ki _ico| (I}, () — Do)
+I{.;|k|—w—b({;\jk'| + L)) — Rel (1)
2 1)

Furthermore, to impose the active power control at the three-phase grid interface, the average
magnitude of the d-axis current from the sample periods K,K +1 can be obtained as

C
I (ki) = — Ve (krn)
T (22)

Where Tw is the average capacitor control sampling rate. C is the SM capacitance as in [30].

Due to the PI controller’s fast response, the STATCOM output d-axis current reference (i.e. lu (k+1))

with its corresponding three-phase average capacitor voltage Ve (k+1) of the next sample period in (22) meets
up with the current sample d-axis current reference |3 (k) with its corresponding reference capacitor voltage
Ve (k)

as follows:

Velen) = Ve (&)

(23)
Tl wr1) = Lra(x) 24)
Putting (23) and (24) into (22) gives the instantaneous active current reference li; (k) as follows
I () = K(Ve () = Vel(r)
,d[_ ( C‘[ C[) (25)

C
K is the proportional controller gain (i.e.—). V¢ (k) can be defined as the reference DC voltage
vd

for the all three-phase SM capacitors. Ve (k) can be calculated as the arithmetical average voltage of all the
SM capacitors in the three legs as

J— 1 J—
Ve == > Veels)
3 F=nvw (26)

For the reactive (VAR) power control at the grid-interface, the reactive current reference |, (k) can
be as in (27) [12] assuming all the load reactive power to be obtainable from the STATCOM.

Q (%) = I;&;I,k]
Vial®) (27)

I (k) =
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where Quand i are the reactive load power and current respectively.

Equation (21) can be simplified in terms of the variables in (17) and (18), (i.e. Qu(k) and Qa(k))
as part of the feed forward terms [31], as follows:

'Lr
V() = = (0 + Vs () + (B () + Iy (1)) — Relro ()
2 (28)

@Lr
Ve (k) = —QOlar (k) + Vi (1) — —(I} (k) +J}d(»’c]) — Rl ()
2 (29)

The control schemes which are averaging control, individual control, and the arm balancing control
can be applied using (30) and Figure. 2-4. These controls can be extended to the three-phase configuration

[34].

The meaning of the voltage symbols in Figure. 2-4 are as

Vo = %[\"Ci; + \"‘Ci—:-}

1 »
N &, (30)

— . is the per-phase average capacitor voltage in the corresponding phase. Voo and Vea are the
average capacitor voltage of the upper arm and lower arm of the corresponding phase respectively. N is the
number of the SM in the upper and lower arm, Ve and Veq are the voltages of the ith and jth SMs in the
upper arm and lower arm respectively. V¢ and i, represent the reference voltage and reference circulating
current in the corresponding leg respectively.

* Koo |, ¥ K
Ko =Kit— b K<3,4)=K3+? — Vi
S
Vo o )
1 ic\rk
- 2
Ve
Figure 2. Block diagram of averaging control
+
ng K 5= Kp _bal
Ve i Sign(ik(p.n))

Figure 3. Individual balancing control block diagram
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Figure 4. Arm balancing control block diagram

Lagging PF,V. <V
(under excitation region) A
* steady state (ss)line

1= WOJ1V1S

11— NODJL1V1S

Leading PF,V. >V,
(over excitation region)

Figure 5. Combined Phasor diagram of voltage source grid connected STATCOMs for region |
and II operations

Figure 2 depicts the averaging control diagram, this control pushes the average voltage Vo« of each

phase leg to follow its reference voltage V.. When Vg, va;k, i« increases and forces the actual

circulating current i to follow its reference current iy . This causes Ve« to track its reference voltage V¢ .
PI controllers can be employed in the tracking, and the output voltage command Ven from the averaging
control can be produced for the CSPWM. The gains of the PI controllers which are K, K., Ks and K.
can be obtained based on internal mode control theory [32].

The individual balancing control pushes each SM capacitor voltage individually in every
submodule to follow its voltage reference V¢, . The individual balancing control block diagram is depicted in

Figure. 3. The obtained voltage command for this modulation control is Vied, iy . When V& = Ve, i), the arm
current is charging the SM capacitors and the energy is being transferred from the DC link to the SM
capacitors. The proportional controller Ks can be employed as in [33] for the individual control.

The control block for the arm balancing control is shown in Figure. 4. This control lessens the
discrepancies in voltages between the voltages of upper and lower arm. The P-controller with a gain K can
be employed in the control as in [33]. The voltage command for the arm control is Via.

3. THE PROPOSED VOLTAGE COMPENSATION ALGORITHM (Vicon AND Veeon ) FOR MMC
BASED STATCOM

To control the reactive and active powers for the STATCOM applications, the d-axis and g-axis

current control have to be as fast as possible. The conventional PI controllers usually employed, might have

overshoots and longer-settling time [12]. The STATCOM variations/oscillations can occur due to the PI

Enhanced decoupled current control with voltage Compensation for ... (Abdurrahman Umar Lawan)
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controllers delayed response, converter switching noise, waveform distortion when using fundamental
frequency techniques, ripples from unbalanced capacitors, non-ideality or mismatch of the components [12].

The proposed control will be introduced to provide the MMC with additional compensation
variables using the usual CSPWM. These compensation variables will be added as opposing signals to the PI

control output variables (i.e. Qs andQq) [31] within the MMC control bandwidth for a fast current

response with fewer overshoots. Unlike [29], where the use of any of PI-controllers was sacrificed and the
steady-state condition was assumed in the current control. It can be seen in [29] that there were high current
distortions during the transition of the load from capacitive to inductive mode.

This proposed control will utilize the low-distortion features of the PI controllers when compared
with the hysteresis current controllers and adds transient support in the form of compensation variables (
Veom and Veeom ) to achieve minimal distortion with an enhanced response. Since during the transients in

Figure. 5, a small active power loss is associated with the effective resistance Rr, there will also be
additional power loss within the number of SM capacitors [33]. Also, there is a small power loss from the

voltage difference across the cumulative inductor L+ considering the transient operations in STATCOM 1
region and STATCOM II region [31]. The STATCOM can attain steady-state faster when the active and the

reactive variation impacts are compensated, and the STATCOM currents lu and |y will be driven to the
desired currents |j; and |, faster. This will happen when the inductance variation that can be obtained
between the inductance at the steady-state and the inductance at transients is compensated [29]. Then, the
current components |3 and |}, would have their resultant line current v in quadrature with the available AC
voltage at the PCC. And the AC voltage V' of the grid will also be in phase with STATCOM output AC
voltageVe . This means the STATCOM d-axis voltage command V,; will overcome the opposing voltage
drop (i.e. wL+l},) in Figure. 5, and Vi which is the resultant voltage command of the STATCOM q-axis

would oppose the voltage drop wL+l}; .

From Figure. 5, the change in inductance value between the inductance at steady-state and
inductance at transients due to high switching modulation will result to a small current degradation during

the transients (0« and O, ) given in (31) and (32)

Vi=Va=AVa (33)

Vie=Va=AV,

(34

To counteract the voltage variations, which is indispensable in order to speed up the response of the
PI controller, and reduce the current error in (31) and (32), a transient voltage can be derived from (2) with a

compensating inductance Leon as

dé ! - CL)L :am]:’n’
! (35)

Aqum - 7L:cwr

Therefore, the total steady-state interfacing inductance value Lt will be modified to Ltcom only
during the transients and are related as

LTcomZ LT+ Lcom
(36)
Assume the transient change in (37), happens during the time (i.e. At ), putting (35) in (37) will give:
I
Aqum = _LEIJPH " M - a)Lcuer[f(.’
At (37)
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From Figure. 5, it can be seen that to cross into the region of the steady-state, the compensation can
be applied during the transients (represented in red and blue line in Figure. 5) by overcoming the voltage

difference due the effective inductance, this will push the resultant output voltage V. to reach as close as
possible, its steady-state value at unity power factor line, assuming no variation due to STATCOM non-ideal
operation, and no absorbed reactive power in the inductors ( L+ and Lr).

Since the transient variation happens in every switching period, the switching frequency (i.e. f;) can
be estimated as the inverse of the transient time for the introduced compensation [29].

Therefore, the compensating voltage in the g-axis is as

Achum = __f.; * LEDJJI * A]fg - a)Lcuij[fa’

(38)

The corresponding d-axis active voltage compensation would be derived as:

Il
AI/(.EWJ = _me u + chwaq
i (39)
Similarly (39) is simplified as:
AV om — — |5 'me' M‘ + choviI'

#m = for Lon* (Als) g o)

During the transients, the voltage drop variables (i.e. @Lenle and @Lewnl in (40) and (42)
respectively can be compensated by the PI controllers; thus are ignored. Furthermore, the small distortions in
the output AC voltage levels of the MMC due to the voltage disturbance between the upper and lower arms
in each leg/phase can be considered [33]. Taking phase-k for instance, assume the entire SM voltages within
the same phase arm are equal (which is possible if the capacitor voltage balance control in Figure. 2-4 are
employed), as shown as

Voo Vit+AVer VetAVew
Ver =Verr = . Veawr = —— = =
N N @1)

where Vep and Vo are the sum of SM capacitors voltages in the upper arm and lower arm of the
phase-k leg, Ve is the total SM capacitors voltage measured which is equal to the steady-state value of Vi

and Voo . N is the number of the SM in the upper and lower arm, AV, and AVee are the voltage change
due to disturbances in the upper and lower arms respectively. The circulating current can be in form of a DC
component le and harmonic componentsi, is given as

1 @
lon=—Ia+ Ziu
3 n=1 (42)

For typical STATCOM applications, the DC component l« is zero as no DC voltage source is
connected. The harmonic components i» are the nth order harmonic of the circulating current. The output AC
voltage Vck and the output AC current ix in the phase—k leg are given as

Vet =2 Vi Msin (ax)
2 (43)

i = o-sin ( ar —x) )
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M is the voltage modulation index, lo is the peak amplitude output AC currents, ¢ is the angle
difference between the MMC output AC current with the PCC voltage.

Based on (43)-(44), the instantaneous active power of the upper and lower arm are:

(45)

Summation of powers in (45) for the three-phases is supposed to be equal to the power (P + Q) at
the grid interface. These are related as

3V Ve 3Vla
P+Q:—VV +—VV z[)m'rr.'—m'u'ﬁ3'[](‘»'11.'—
2wl: 2 oL: (46)

The corresponding active energy stored in the upper and lower arms of phase-k based on (45) are as follows:

1
We=—=CVz,
2N (47)
| I
m" ——C CE’H
2N (48)
Based on (45), (47), and (48) the following can be as
dWe C d
:—'Kic'—r/c = Parm —
dt N dr M v (49)
aw. C
=—Ta 'iVCm = Pan—wm
d N df (50)

Using (45), (49) and (50), the voltage disturbances in the arms which contribute to the MMC voltage
variations can be as

AVor =~ j (1-Msin( ar )( +Zz,,)

n=1

N
AVo :?I(I‘FMS]D ) (h +§L;J

(51

Therefore, considering the variations in (51), the real output voltages of the upper and lower arms
can be adjusted to:
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Ve =%(1—Msin(ar))-(m+m@)

Va =%(1+Msin(at))-(m+AVm)

(52)
Then, the total output voltage can be given as
Vot Vo =Va +%(Aw-i. +A'.n,.)+% Msin(ear)-
(Aven— Aves ) = (Ve +va) (53)

Thus, Vi« is the voltage variation between any of the MMC legs and the dc-link voltage (i.e.Vec)
when the system is under normal control and modulation. Vi is given as in (54).

Vu= 1 (AVO‘.;; +Avfi’ii) ‘|'1 MSIII(&T) '(AVCAH _AVCRU)
2 2 (54)

This voltage disturbance between the upper and lower arms leads to the voltage difference between
the three legs and the dc-link voltage [33]. Thus; (54) will contribute to the power difference between the
right-hand side and the left-hand of (46). In other words, the active power difference will exist between the
three-phase active power to be controlled at the grid using (25), and the sum of the three per-phase active
powers which are per-phase controlled within the MMC using Figure. 2-4.This phenomenon would output
the d-q components shown in Figure. 6. In other words, the arithmetical average dc capacitor voltage of all

the phases, i.e. VC(k) and the arithmetical mean dc capacitor voltage of each phase will produce voltage

variation components. Using the d-q transform, it is possible from the voltage differences AVeiws, AVee

and AVcew to obtain the d-q variation components AVcs and AVeq. The variation components will be

injected to reduce the second-harmonic oscillation of the capacitor voltages in order to reduce the capacitor
voltage ripples/variation, thus; enhancing the active energy storage in the SM capacitorswithin the MMC
system. The 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

- AV,
Ve, -O——— AV,
— + AV » —
Ve, O = diqf
+ X7 transform
v A Vck —w AV Cq
O ——

1
3 Ve

Figure 6. Arithmetical average capacitor voltage d-q variation
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AV,
4 + {— fsw:(ichom-'- LfCOmH
-i L2 )
la + Vacom
+
A qu
PPN a

Iﬁf Aves (55)

The corresponding total voltage compensation in the d-q frame given in (38) and (40) can be
augmented with the capacitor voltage signal as

Vi =(~/ Lo (N)+(Aver )
Vo =(= - Lo () +(AV,)

(56)

These two variables (Vucom and Vaeon ) will compensate the d-axis active voltage variation and
provide the additional g-axis voltage support for the VAR compensation. The averaging control, individual
control, and the arm balancing explained in Section II are employed in per-phase in this proposed control.
From (56), it can be concluded that, once the variations due to the voltage disturbance which is responsible
for capacitor variations, and the voltage difference due to the parameter variations of the STATCOM are
resolved, (56) discontinues leaving behind the PI controller. The voltage compensation algorithm is
represented in a control block diagram depicted in Figure. 7, and the proposed overall grid system is shown
in Figure. 8.

Finally, the compensating variables (Vacom and Vaeom ) are then added in (21) to generate the newly

compensated voltage reference (V" (k) andV « (k)).
This means the voltage references described by (28) and (29) are modified as

Vi) ==l k) +Vi2an () +Frl i) +% (Irql] i)+ 1, (k) — Rela(x)
2 (57)

o'k
Valt) =~ + Vil + V4 8 —7(13 K+ l#)) — Relgl
(58)

4. DISCUSSION AND RESULTS
A five-level MMC is developed based on 4KHZ-CSPWM for the simulation and 16KHZ-CSPWM
for the experiment.

4.1. Simulation Results

In order to authenticate the proposed control and its theoretical validity, two operating conditions of
STATCOM (i.e. capacitive and inductive mode) are considered. Unlike [12], to optimize the performance of
the proposed control, the compensating inductance in the block diagram of Figure. 7 is slightly changed as
shown in Table 1. The reason for this inductance variation is to choose the best performing inductive effects
(found to be Kv2 from Figure. 9). During transients, it has been reported that the filter inductance from the
grid side would not remain fixed as measured at fundamental frequency [29]. Therefore, a modified value of
inductance is needed during this transient support. The response of the voltage modulation index using the
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block diagram in Figure. 7 for the proposed control is shown in Figure. 9. The operation is changed to the
inductive mode when the STATCOM current operation is in capacitive mode and has reached 0.4-second
(12.5cycles). The response time for each operating condition is chosen small (1seconds) to ascertain the
contribution of the proposed method. Since all the three-phases of MMC are identical, the response of phase-
u is presented (except in the case of Figure. 12, which illustrates the steady-state three-phase
STATCOM voltages).

Figure 10(a) and Figure 10(b) show the MMC based STATCOM output reactive AC current during
the control from capacitive to inductive state in a full response and expanded view response respectively.
From the figures (i.e. Figure. 10(a) and Figure 10(b)), it can be seen that the conventional controlled reactive
current has produced a delay of 0.1 seconds with more fluctuations. In other words, in the proposed control,
the steady-state error and the transient response have improved. The d-axis component and its close view
response have been shown in Figure 11(a) and Figure 11(b) respectively. It can be seen from the graph
(Figure 11) that the proposed control technique has less overshoot during the control start-up time (0.0-
0.1seconds), and achieved a faster response with less current overshoots. The steady-state three-phase MMC
based STATCOM AC output voltages using the proposed technique have been illustrated in Figure 12.
Figure 13(a) and Figure 13(b) have shown the response of the g-axis and d-axis components of load current
drawn from the grid respectively. It can be seen clearly that proposed current has settled faster than the
conventional current control with 20% time reduction. Figure 14 shows the upper arm current and Figure
15(a) shows the lower arm current. It can be seen in Figure 14 and Figure 15(a) that the proposed technique
has fewer oscillations at the introduction of the reactive loads. The circulating current response is shown in
Figure 15(b). The response has not fluctuated during the reactive step load change. This unchanged response
during the transition shows that the dc circulating current control is minimally affected, thus; independent of
the reactive load change.

In other words, since the active current reference l«* obtained from the three-phase averaging
voltage control (controlling the capacitors voltages), the output of the P-controller (i.e. K) is considered as
the reference d-axis current and is found to be almost zero as expected for the STATCOM application as
shown in Figure 11. Thus; the d-axis current response and the upper and lower arm currents responses are
minimally affected by the step change in the reactive loads. Figure 16 shows load current per unit (p. u) from
capacitive mode to inductive mode in full response,it can be seen that the conventional load current has some
spikes and distortions at point 0.41seconds, and at the time interval 0.42-0.43 seconds. These variations have
equally been seen more clearly in their corresponding d-q forms at the same time intervals in the g-axis
current responses in Figure 10(a) and Figure 10(b). And in the d-axis responses in Figure 11(a) and Figure
11(b). Thus, the independent active and reactive power using the decoupled control has been achieved.

Table 1. Compensating inductance

Compensating inductance Inductance increment Compensating term
K

( I_Tcom ) ( V>

Lrcom1 +10% Kwvi

Lrcom2 +20% Kv2

Ltcom3 -10% Kvs

L1coms -20% Kva

Table 2. Control parameters of the capacitor voltage  Table 3. parameters of the grid connected MMC per-

balancing for MMC based STATCOM system phase
K1 Proportional inner dc current gain 0.16 f Fundamental frequency 50Hz
K2 Integral inner dc current gain 49 fow Switching frequency 4kHz
K3  Proportional dc capacitor voltage gain 7.5 Vi Grid voltage 50 Vims
K4 Integral outer dc capacitor voltage gain 375 Rs Grid resistor 0.500 mQ
K5  Proportional arm dc voltage gain 0.5 Ls Grid inductor 0.120 mH
K6  Proportional individual cap. dc voltage gain 0.5 Rt AC coupling resistor 0.100 mQ
Lt AC coupling inductor 2mH
Rr MMC buffer resistor 0.400 mQ
Lr MMC buffer inductor 2mH
Ce Effective capacitor(s) 8000 uF
Vic SM reference voltage 50V

RL Active -inductive Load (kw/Kvar) 2K/2K
RC Active-capacitive Load (kw/Kvar) ~ 2K/2K
Kpdq d-g-axis proportional current gain 2800
Kidq d-g-axis Integral inner current gain 300
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Figure. 14. The load AC current per phase per unit (p. u) from capacitive mode to inductive mode

CONCLUSION

This paper has investigated simplicity of carrier-based PWM technique in the STATCOM applications,

afterwards, an enhancement on the performance of vector control based MMC is exploited. This has been achieved
without the use of additional equipment or use of low switching complicated technique such the SHE. The
proposed transient action introduced has helped in tackling the setback of dynamics of PI controllers and the
STATCOM non-idealities; thus, it has enhanced the overall control system response of the MMC based
STATCOM system. Finally, simulation are presented. In other words, the integral controllers of the inner current
PI controllers have accepted the efforts provided by the transient compensators. This development can be used to
achieve the practical realization of STATCOM with reduced variations.
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