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Abstract

Internal model control (IMC) method enables the system to be of good dynamic and steady
performance, which is simple, and is easy to be implemented. In allusion to the cascade STATCOM
feature of high order, instability, multi-variable, non-linearity and tight coupling, the mathematical model of
cascade STATCOM in d-g-O coordinates was deduced. Decoupling model of cascade STATCOM was
given by Internal Model Control principle, computer simulation and experiment results were also given.
Results show that with IMC, 3-phase currents control method of cascade STATCOM has good tracking
performance and control precision both in a-b-c coordinates and in d-g-O coordinates, and also achieves
excellent current compensation results.
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1. Introduction

Compared with the traditional SVC, the static synchronous compensator (STATCOM)
has become the development trends, for its faster response, wider adjustable range and better
wave quality of compensating current [1-2]. Besides, capacitors and reactors used in cascade
STATCOM are smaller than those used in traditional SVC, which greatly reduce device's
volume and cost. Article [3-5] pointed out that cascade STATCOM had broad application
prospects, such as electric power, metallurgy fields and mining industry.

As to the decoupling method of cascade STATCOM mentioned in released publications,
there are two models: one is the state-feedback decoupling; the other is the time decoupling
which is an approximate method. Article [6-7] pointed out that the application of time decoupling
was limited in practice, because its decoupling characteristics were related with the parameters
of power network and the main circuit. Articles [8-10, 14] are typical documents about state-
feedback decoupling. In article [8], the reactive power control strategy based on inverse system
control and decoupling control of active power and reactive power was designed and realizes
the dynamic control of physical prototype, but the response time was not quick. Article [9]
presented a feedback linearization theory to realize the design, which was proved to be
effective. Article [14] derived the current control strategy in d-g-O coordinates by methods of
nonlinear, and validated the method by simulation, but the actual use effects need to be tested
by projects.

Based on article [11-16], this paper deduces the mathematical model of cascade
STATCOM in d-g-0 coordinates, and builds simulation model by computer simulation software
MATLAB/SIMULINK, at last verifies the design by computer simulation and test.

2. Mathematical Models
2.1. Main Circuit Topology

Figure 1 is the main circuit topology of cascade STATCOM. Lrepresents the
inductance. R represents power losses. u_(t) andi,(t) represent voltage and current outputted

by cascade STATCOM. ,(t) represents system's current. i (t) represents load current.
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Figure 1. Structure Diagram of Cascade STATCOM
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2.2. Mathematical Model in a-b-c Coordinates

Before constructing the mathematical model of cascade STATCOM, following
assumptions are presented [9-10]:

(1) The power system is treated as balanced.

(2) R is used to express the power loss of filter capacitor and filter reactor.

(3) L is used to express the inductance of filter reactor.

(4) Output voltage of cascade STATCOM is directly proportional to the sum of dc
capacitor voltage.

(5) Since cascade STATCOM is composed of seventeen-level cascaded inverters using
carrier phase-shifting method, thus only the fundamental component of cascade STATCOM is
considered, ignoring the harmonic components.

According to the above assumptions and the expression of output voltage generated by
single phase H-bridge inverter, output voltage expression of cascade STATCOM can be
obtained by:

u sin(wt - 8)
Uy | = Kuy | sin(et-27/3-0) 1)
sin(wt+ 27 13-97)

K is the proportional coefficient. o is the phase angle difference between the voltage
outputted by cascade STATCOM and the system voltage.

The system voltage is symmetrical three phase voltage, and the real phase voltage is
expressed by:

@ sin(awt)
=2U | sin(wt - 27/3) 2
U, sin(wt +27/3)

According to Kirchhoff's law, the mathematical equation of cascade STATCOM is
expressed by:

L— icb =| Uy || Uep -R icb (3)

cc sC cc cc
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With the energy balance theory, dc bus capacitor voltage equations can be obtained as

follows:

(;jt ( . Cudc (t)j uca (t)ica (t) + ucb (t)icb (t) + ucc (t)icc (t)

= duéct(t) _ E[ica (t)sin(wt —8) +iy, (t) sin(wt —2?” —8)+i, (t)sin(ot +2?”_5)]

Q ica (t) + ich (t) + icc (t) =0

:% ﬂ[|ca(t)cos(a)t 5+ )+ch(t)005(60t )

The mathematical model of cascade STATCOM is obtained by:

i i sin wt
d|.” Vg 2 4
p i |= Ay +TS sm(a)t—?) (4)
udc udc 0
R K . .
- 0 —tsm(mt—é)
A= 0 _R —ﬁsin(cot—(?—z—”)
L L 3
ﬂsm(ut 5— ”) ﬂsm(a)t b——) 0

Equation (4) is the mathematical model of cascade STATCOM in a-b-c coordinates

2.3. Mathematical Model in d-q Coordinates
Equation (4) is the mathematical model of cascade STATCOM in a-b-c coordinates,

which is the differential equation with time-varying parameters (coefficient). For its hard
theoretical analysis, Equation (4) is transferred by d-q coordinates transform as follows:

: ica Ica

I

RS R P ML (5)
dt{i, dt| . dt

In equation (5):
2 2
cos(wt) cos(wt—gn) cos(a)t+§;r)

3 —sin(wt) —sin(a;t—%;r) —sin(a)t+§7r)

Take Equation (3) to Equation (5):

R
. R (0]} . _
i !d _| L !d +l Uy —Ugy (6)
dt |q —w _E |q L usq_ucq
L
1,6)) (-R wL)(1,(9)) (Uy(s)) (Ua(s) (7)
=Ls [l (s)] ( ol —RJ[Iq(s)JJr[Usq(S)j_[ch(S)]

Equation (7) is the mathematical model of cascade STATCOM in d-gq coordinates. It is
easy to see that currents coupling problem is not solved, therefore the method of currents

decoupling is needed to realize the control strategy.
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3. IMC Strategy in d-g Coordinates
3.1. IMC Principle
The structure diagram of IMC is shown in Figure 2, in which the internal model is

expressed asé(s) , the controlled object is expressed as G(s), and the internal model controller

is expressed asC,,. (s) .

|—> G(s) m A
1"(5)360+1 Cpe (6) o] G(s)

U(s) T g

G(s) >1(s)

U(s)

Figure 2. Diagram of Internal Model Control Figure 3. Equivalent Feedback Control Block
Diagram

Figure 3 is the equivalent feedback control block diagram of Figure 2. In Figure 3, the
equivalent controller F(s) is given by:

F(s)=[1 - Cyyc (S)é(s)]_lclms (s)

Although there is no accumulation function in the internal model controller, it can
eliminate the system stead-state error by the structure. U(s) and I(s) represent voltage and
current outputted by cascade STATCOM.

In addition to having similar virtues, IMC also has many outstanding characteristics
such as follows:

(1) IMC can regulate the output errors caused by mismatch between é(s) and G(s) .

(2) It can realize tracking without steady-state error by introducing the corresponding
filter expressed as L(s), and it can also improve the robustness of the system.
The low-pass filter L(s) is given by:

A
L(s) = —I
©) S+ A

The identity matrix is expressed as |, A is the reciprocal of cascade STATCOM system
time constant.

3.2. Internal Model Decoupling Control
The following set of voltage and current equations can be obtained from Equation (7).

usd - ucd LS + R —LC() id
= _ (8)
Ugy —Ugg Lo Ls+R)],
u Ls+R -L i
== “ ©)
U, Lo Ls+R)lI,
é_l(s) is constructed as follows:

. Ls+R  -Lw
S 10
© [ Lo Ls+Rj (10)
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The IMC current controller, c,_(s) is given by:
A Ls+R -Lw
. Ls+R -L
CIMC(5)=G’1(5)L(5)=,1 @D |l s+ 4 -2 S+A4 S+A (12)
Lo Ls+R 0 A Lo Ls+R
S+ 1 S+ 4 S+ A4
The transfer function can be obtained from Figure 3.
I(s) __F(s)G(s) _ Cinc (5)G(s) A (12)
1"(s) 1+F(s)G(s) 1+ Civc S)IG(s)-G(s)]

By combining equation (10), the controlled object G(s) is given by:
(13)

. Ls+R —Lo )"
G(s)=G(s) =
(5)=6) ( Lo Ls+R]

The equivalent controller F(s) can be obtained from Equation (11) and Equation (13).

Ls+R -lLo
S S
14
Ls+R (14)

F(S) :[1_CIMC (S)é(s)]_lcmc (S)=4 L
Lo

S S

I(s) can be obtained from Equation (11), Equation (12) and Equation (13).
B
IOREMCCEINOE AR (O (15)
0 _

S+A

The d-axis current reference of 17(s) is expressed as i, , and the g-axis current 17(s) is

expressed as i; .1(s) can be obtained from Equation (15).

A0 .
Iy _|s+4 Iy (16)
iq 0 L i;

s+4
Equation (16) shows that the d-g-axis currents realize a dynamic thorough decouple.

The response of | to |” can be equivalent to the first-order inertia link.

The d-g-axis currents can be obtained from Equation (7) as follows:
17)

Ug

Lo
+
Ls+R
(18)

i = i
¢ Ls+R Y

Lo . Uq

i, = iy +
Ls+R Ls+R
The voltage outputted by cascade STATCOM expressed as U(s) can be obtained from

Figure 3.
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Ls+R -Lo )
_ * _ _ S S s —lg 19
U(s) = F(S)[I" ()~ 1(s)] =2 Lo Ls:R i;_iJ (19)
S S

The equivalent model of cascade STATCOM decoupled by Equation (17), Equation (18)
and Equation (19) is shown in Figure 4. Internal model control is also a classical PI type control,
but the regulating parameters are only related to minimal open-loop time constant. Article [10]
have already made a detailed research on the relationship between the open-loop time constant
of cascade STATCOM and the main circuit parameters, the relationship of parameters
adjustment and the properties of the system is definite. The system acquires the reference of

reactive current expressed as i; from the control object. The reference of active current i, is
acquired from the controller for DC bus voltage regulation.

3 3l+ A(Ls+R)| + “"X 1
! & 1 : : _% [ Ls+R

o oy, A(Ls+R) +5 U
Q) 1 P

Figure 4. Internal Model Control of STATCOM

4. Computer Simulation and Prototype Trial
4.1. Simulation

In order to validate the correctness of decoupling internal model control (IMC) design
and mathematical equations presented in this paper, the simulation tested of 6-KV, 2.8-MVar,
star-configured STATCOM with eight H-Bridge PWM converters in each phase is implemented
by Matlab/Simulink. The internal model control method is adopted in cascade STATCOM in d-q
coordinates, and the load is three phase symmetric load. About 0.1 second before starting the
device, the inductance loads with the capacity of 1.44M Var are put into operation. About 1.5
seconds after starting the device, the inductance loads with the capacity of 0.96MVar are put
into operation, and then the inductance loads with the capacity of 0.72MVar are cut off in 2
seconds. Simulation waveforms are shown in Figure 5 and Figure 6. For the convenience of
comparative analysis, voltage value reproduces at 40 times.

Simulation waveforms before and after compensation are shown in Figure 5 under
steady state, such as system voltage u,, system current i ,load current i, output current of

cascade STATCOM i, .
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(a) Before compensation of inductive load (b) After compensation inductive load

Figure 5. Waveforms of Grid Voltage, Current and Load Current at Inductive Load
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Simulation waveforms at sudden loading operation are shown in Figure 6. When the
load is changing, the complete compensation can be realized in two power frequency periods.
The results of computer simulation shown in Figure 5 and Figure 6 prove that internal model
control strategy brings good dynamic and static performance.

400
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200k 2004

400 -400 !

146 W.LB 1l5 1.I52 1 |54 W.IEE 1 iSB 18 196 1.1‘3)8 2 2 ‘EIZ 2.|Elt1 Z.IDE 2.68 21
(a) Sudden loading operation at 1.5 second (b) Sudden unloading operation at 2 second

Figure 6. Waveforms of Grid Voltage, Load Current and STATCOM Current when Load
Changes

4.2. Prototype Trial

Based on the computer simulation and the IMC strategy, 6-KV, 2.8-MVar, star-
configured STATCOM is developed as shown in Figure 7.
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Figure 8. Dynamic Performance of STATCOM Figure 9. Output Voltage and Current of
STATCOM
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The dynamic performance is the important indicator of cascade STATCOM. Figure 8
shows the dynamic process from the start to the end of compensation. It also shows that
STATCOM can realize fast detection of currents and dynamic compensation within 1.5 power
frequency periods, which is consistent with above computer simulations.

The waveforms of output voltage and current of STATCOM after compensation in
Figure 9 shows that the system has perfect output waveform and good harmonic characteristics.

5. Conclusion

In this paper, the mathematical model of STATCOM in both a-b-c coordinates and d-q
coordinates is developed, and then the computer simulation model of cascade STATCOM is
developed based on IMC theory. The computer simulations and prototype trial prove that the
current decoupled control strategy established in this paper can realize complete decoupling,
and bring good dynamic and static performance.
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