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Abstract: - This paper focuses on a new controller design for both AC output voltage and DC voltage sides of a
3-level voltage source converter (VSC) of STATCOM based on complex transfer function. With this approach,
the current regulator control with two-input two-output for the AC side of VSC can be represented by a
complex transfer function with single-input single-output. In addition, the complex pole-zero compensation by
the complex proportional integral (PI) controller is proposed to eliminate the cross coupling effect between the
real and reactive currents in the current regulator. As a result, the practical current regulator control loop can be
implemented to control the AC output voltage of VSC. For the DC side, the DC voltage control loop is also
established by a PI controller. Parameters of PI controllers in both AC and DC control loops are designed by
modulus optimum and symmetrical optimum criteria. Simulation results by PSCAD/EMTDC show that the
proposed controller provides superior stabilizing effects on the cross coupling over the decoupling control.
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1 Introduction 2 STATCOM Modeling
The STATCOM with 3-level VSC allows both
AC output voltage and DC voltage of the converter

to be separately control. In general, the DC voltage L .

is regulated at a specific value while the reactive — - i

power which depends on the AC output voltage of — = | e
u - v

the converter, can be controlled by the reactive = =
power command [1]. To achieve fast dynamic

performance, the STATCOM is generally modeled

in the synchronously rotating reference (dq-frame).

However, its dynamic performance is slow due to (a) equivalent circuit of the STATCOM
the cross coupling between real and reactive

current. Especially, in case of high power 4 8

applications, switching devices of the converter are N

normally switched once a cycle to limit switching \ T ;\ws
losses. Because of this low switching frequency, 2w

the cross coupling effect may cause high overshoot M

of the current response. To mitigate the cross N 4 &
coupling, many control techniques such as
decoupling control and internal predictive control,
have been reported in [2]-[5]. Nevertheless, their
control structures are not easy to realize while Fig. 1 Complex vector model of the STATCOM
control parameters tuning rules are complex. This

paper proposes the new controller design methods
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(b) complex vector diagram

for both current regulator control loop of AC e . -

voltage output and DC voltage control loop : :
controller of the 3-level VSC by complex transfer i i - PR
function. A 3-level STATCOM connected to a ﬂ“_

typical 115 kV network is selected as a case study.
Simulation studies by PSCAD/EMTDC are carried
out to evaluate the control effects of STATCOM. Fig. 2 Output voltage of the 3-level VSC


mailto:nitus.v@egat.co.th

The circuit of STATCOM with 3-level VSC and
their associated complex vectors are depicted in
Fig. 1 (a) and (b), respectively. For the AC side, U

is the system voltage while V is the output voltage
of VSC which consists of three levels, i.e. +3U,
0,and —

The voltage equation based on complex vectors
on the stationary reference frame (qf-axis) of the
AC system can be expressed as

Uy » as shown in Fig. 2.

(1

Transforming into the synchronously rotating
reference frame (dg-axis) by rnultlplymg all terms
of (1) with a unit complex vector e results in

dl_dq -
L at + Jws leq + Rldq = L_qu -V (2)

q

where s is the angular speed of electrical system.

Define Uy as the base voltage, Iy as the
base current, and Zy as the base impedance, which
is Uy/In. The normalized equation of the AC
system is

di . o1
T, dsq +(1+ JwSTI)!dq :?(qu _qu) 3)

T,=L/R and r=R/Z,
The voltage equation (3) can be individually
rewritten on d-axis and g-axis as

where

di . 1

Tld—§+ osTii :?(ud ~Vy) 4)
di, . . 1

Tld_sﬂq + Ty :?(uq —vq) (5)

Note that the STATCOM model based on (4) and
(5) is a two-input (V4 and Vg) two-output (ig and i)
system with cross coupling between real current iq
and reactive current iq. The degree of cross
coupling depends on the time constant T; and as.
To eliminate the cross coupling, the voltage
equation (3) is transformed into the S domain which
can be expressed by complex transfer function as

i4,(8) _ 1/r
Ugq (s) - Viq (s) (1 + josT, ) +Ts

(6)

Note that, (6) is a complex transfer function with
single-input (U, (S)—V,4,(S)) and single output

(i4(9))-
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For the VSC transfer function, it can be
represented by the first-order delayed system as

\_/dq (S) _ Udc
y*(s) 1+T,s

(7

where Ug is a gain and T is the delay time of the
converter.

With Vi as the base value of the magnitude of
the fundamental voltage and Uy as the base DC
capacitor voltage, the normalized output of the
fundamental voltage waveform of the VSC in Fig.2
can be expressed as

|V|

M= =uq smz ®)

where |v| is the normalized value of the
fundamental output voltage of the VSC, ug is the
normalized value of the DC capacitor voltage Uq.c
is the pulse width of the positive and
negative output voltage.

The magnitude and phase angle of the complex
vector Vyq can be controlled by the pulse width
duration o and the delayed angle ¢ . The control
system is designed on the dg-frame. The command
signal V" is referred to the rectangular coordinates

v, and v, - Accordingly, o-and & can calculated by

o =2sin’! ( N2y /udc) )

O =tan ‘( /V ) (10)

The voltage Ug lies on the d-axis and is
constant while the voltage U, equals to zero. Thus
normalized real and reactive power can be written
as

P = Ugclge = Uglg (11)
q=—Uyi, (12)

For the DC side of VSC, the rate of change
of capacitor voltage is related to its charging
current as

du, 1

I 13
dt C dc ( )

The based value of the real power Py of
STATCOM can be described as
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1 3 Note that (15) is a nonlinear differential equation.
Py ==ReyU, 1 i==Unlw =V loen (14 . .. .
=N= 2 Linearization can be made by the assumption that

where Ugy is the base value of the source voltage,
lqn 1S the base value of the line current on the direct
axis, lgey 18 the base value of the DC capacitor
current lgc.

Therefore, the normalized DC capacitor voltage
can be expressed by

dudc _l Ich ud i

dt d

15
c Uch udc ( )

the DC capacitor voltage is regulated at the set
point. So Ug. on the right hand side of (15) is nearly
constant and its derivative is very small (but not
equal to zero). Hence, the transfer function of the
DC capacitor voltage can be rewritten as

udc (S) _L
ig(s) T,S

Ugn U
where T, =C —4 —dc
deN Ug

(16)



3 Current Regulator Control Loop

Fig. 3 shows the block diagram of the current
regulator control loop which is constructed form
the AC circuit model on the synchronously rotating
reference frame in (6) and a voltage source
converter transfer function in (7). As shown in
Fig.3, the open loop transfer function can be
expressed by

idq(s) _ l/l’ udc
Vg(s) (1+]JosT)+Ts1+5T,

Fo (s)= (17)

The open loop poles of (17) consists of a single
complex pole from AC circuit model (=1/T, - jes)
which is located in the third quadrant of the
complex plane, and a real pole of the voltage
source converter (—1/T,) which is located in the left

half plane. The complex pole (-1/T, - jos) causes

the cross coupling effect. This effect is an
inevitable problem in the ac side which causes
sluggish response and high overshoot of the
current. To overcome this problem, the complex
pole-zero compensation technique [6, 7] is applied.

As observed in Fig.3, the complex PI controller
Fr(s) is connected in series with Fy(S) in order to
compensate the cross coupling pole (—1/T, — jw) .

Therefore, the open loop transfer function of the
system including the complex PI controller is

Fr(S)F,(s) =
K (1+ Ky +TyiS) 1/r U,  (18)
TuiS (I+ josT, )+ T,s1+T,s

By setting Kyi = axT; and Ty = Ty, the new open
loop transfer function becomes a second order
system as

Ko 1 U
Fr(S)F,(8) = ﬁ;ﬁ (19)
Ni 2

The controller gain Kp; is adjusted to achieve fast
dynamic response to the current command with
small overshoot. Thus, the damping factor of the
closed loop system is set at 0.707. Accordingly, the
modulus optimum (MO) criterion can be applied to
set the controller gain as

_1rT
2U4 T,

(20)

Pi
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where T, is the summation of the converter time
delay T, and time delay of the current measurement
Tm. Note that the input signal of the complex PI
controller is the difference between the command

current iy, and the measured current iy . In

addition, the PI controller is based on a complex
transfer function with complex signal input and
output. It can not be implemented in practice.

To realize the complex PI controller in Fig.3, the
transfer function Fr(S) is expressed on d-axis and g-
axis as in (21)-(23).

Y ) ya(9)+ iy, (9)
Xp(S)  Xg(S)+ jX4(S)
(I+ jos Ty +TyS)
TS

Fr ()

e2y)

= KPi

Yy (s)= _:_<P'S {xd () +TyisXy (8) — @5 Ty X, (s)}

Ni (22)
_ (1+Tys) . — Kpi@s X

"oTys s

q

K.
T Pi {xq (8) +Ti8X (8) + @s Ty Xy (s)}
NiS

Il T K (23)
I+ NiS)X + piWs X,

PoTys ¢ s

Yq(8) =

where y_is the complex signal of the output of the

controller, x,is the complex signal of the input of

the controller, yq is the input signal on d-axis, Xq is
the input signal on d-axis, Yq is the input signal on
g-axis, Xq is the input signal on g-axis.

Based on (22) and (23), the complex PI
controller can be constructed by two PI controllers
and two I controllers. Thus, the block diagram of
the current regulator in Fig. 3 can be realized in
Fig.4. The outputs of the complex PI controller are
d-axis and Qg-axis voltage commands vg* and vg*.
These signals are used to calculate the pulse
duration o and delayed angle o signals of VSC by
(9) and (10), respectively, as depicted in Fig. 4.

To simplify the system modeling, the current
regulator in Fig. 4, can be approximated as

WL ] (24)
iy(s) 1+2T,s+2T s 1+2T.s
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iq(8) _ 1 o1
i (s) 1+2T,s+2T7s* 1+2T;s
(25)
This approximated transfer functions will be used
in the design of DC voltage control loop.

4 DC Voltage Control

Reactive Power Control

Assuming that the current regulator is perfectly
decoupled and the source voltage is constant, the
reactive power can be directly controlled by the
reactive current ig. The reactive current command
ig* is determined by reactive power command g*
and the measured voltage on d-axis as

Loop and

5

I (26)

q
udm

As a result, the reactive power controller block
can be shown in Fig. 4.

Next, the model of the DC capacitor voltage
(16) is integrated into to system in Fig. 4. The DC
voltage is controlled by the real current ig. The
purpose of this control loop is to regulate the DC
voltage at a desired value. Hence, the disturbance
rejection is the main objective of the controller
design. The open loop transfer function in the DC
voltage control loop in Fig. 4 is a cascaded transfer
function of the DC voltage transfer function (16),
the approximation of the current regulator (24) and
the PI controller (Fry(S)) which can be represented
as

FRu (S) I(i (S) . Lfdc (S) — KPu (1 +TNuS) ) 1 ) 1 (27)
i;(s) i4(9) TS 1+2T,s T,s
According to symmetrical Optimum (SO) criteria
[8], [11], the controller integral time constant Ty,

and the controller gain Kp, can be calculated by

Tw =4QT, +T,) (28)

1 T
L 29
22T, +T,) 29)

KPu =

By integrating both current regulator control

loop and DC voltage control into the converter

control, the complete block diagram of the
proposed controller can be shown in Fig. 4.

5 Simulation Results
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A 12-pulse STATCOM employing 3-level VSC
circuit is shown in Fig. 5. The rating of the
STATCOM is 100 Mvar. It is connected to a 115
kV 50 Hz AC power system. Simulation studies are
carried out by PSCAD/EMTDC. System
parameters are given in an Appendix.
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Fig.5. a 12-pulse STATCOM with 3-level VSC

The STATCOM produces reactive power (
according to reactive power command q* while the
DC voltage Ug is regulated at 1.15 per-unit. Fig. 6
shows dynamic responses of the measured real ign
and reactive current igy of the proposed control in
comparison with those of the decoupling control
method. The step command of the reactive power
is changed from -0.75 per-unit (generate) to +0.75
per-unit (absorb). According to (24), this also
causes the change in reactive current command ig*
from +0.75 per-unit to -0.75 per-unit. It can be seen
that the reactive currents of both methods respond
with short rise time (less than 20 ms) and small
overshoot. Nevertheless, the proposed control
reaches steady state faster.

The changes in the real current (igy) was
very small for this proposed method and it reached
steady state in a very short time. On the contrary,
real current idm of the decoupling control method
fluctuated in a wide range as much as 300%.
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Fig. 7 shows the dynamic responses of the
measured DC voltage Ugm against the step
command in comparison to the decoupling control
method. The proposed controller is able to damp
the oscillation significantly. On the contrary, in
case of decoupling control, the DC voltage severely
oscillates due to the cross coupling effect. It takes
long time to reach steady state. Because the time
delays of converter and measurement system are
generally neglected in the decoupling control. The
cross coupling effects can not be eliminated. It
should be noted that for the converter employing
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line frequency switching, the delay times must be
taken in to consideration in the decoupling control.

Fig.8 depicts the voltage and current output
waveforms of STATCOM with the proposed
control during step reactive power commands in
case of from leading to lagging (above) and lagging
to leading (below). It can be seen that the phase of
the current waveform can be reversed within a half
cycle in both cases.

6. Conclusion

The controller design for AC and DC voltage
control loops based on complex transfer function
for a 3-level VSC of STATCOM has been
presented. The current regulator with two-input
two-output is represented by a complex transfer
function with single-input single-output. The cross
coupling in the current regulator for AC side is
eliminated by the complex pole-zero compensation
based on the complex PI controller. The control
parameters of PI controllers of both AC and DC
voltage sides can be systematically designed. This
makes the proposed controller very practical and
easy to realize in actual power systems. Simulation
results confirm that the proposed controller is
capable of reducing the cross coupling effectively
in comparison to the decoupled control.

In the future work, more simulation studies
under disturbances will be carried out. Besides, the
proposed control design will be applied to UPFC.

Appendix

Transformer %Z = 10%, Cu-losses = 2%, No.1 50
MVA 33.2/16.0 kV, No.2 50 MVA 33.2/9.24 kV
Capacitor C1 and C2 = 6400 uF, Ty = 15.92 ms
and Kp; = 0.055, Tyy =26.72 ms and Kp, = 1.16
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