Sensors & Transducers, Vol. 181, Issue 10, October 2014, pp. 101-110

e
e—"

www.sensorsportal.com

Sensors & Transducers

© 2014 by IFSA Publishing, S. L.
http: //mmwv.sensor sportal .com

Current Decoupling Control Strategy of Medium Voltage
Cascaded Multilevel STATCOM

Zhao Xuehua, Shi Liping
School of Information and Electrical Engineering, China University of Mining and Technology,
Xuzhou 221000, China
Tel.: 18086757253
E-mail: cumtzxh2013@126.com

Received: 4 July 2014 /Accepted: 30 September 2014 /Published: 31 October 2014

Abstract: As one of effective regulation methods, static synchronous compensator (STATCOM) has been
widespread used to regulate dynamic reactive power and solve dynamic voltage stability problems into power-
grid. Through the analysis of mathematical model, cascaded STATCOM, which is constructed by several
cascaded H-bridges, is a nonlinear, multivariable, strongly coupled system. It will make difficulties in the design
and practical application of controller. In this paper, mathematical models of cascaded STATCOM in a-b- ¢ and
d-q coordinates are deduced. Based on the theory of internal model control and PI control strategy, the internal
decoupling control algorithm is introduced to realize independent control of active current and reactive current.
At the same time, decoupling control algorithms are designed and decoupling control models are given and
simulated. From the combined circuit topology and control with multi-FPGA, the simulation and experimental
platform of cascaded SVG, which use the control algorithms of double-loop control with the current inner loop
and capacitor voltage outer loop. Both in a-b-c coordinates and d-g-O coordinates, experiment and
simulation results show that three-phase current of STATCOM has good tracking performance and control
precision, which show the regulator design method and parameters setting are feasible and effective.
Copyright © 2014 IFSA Publishing, S L.

Keywords: Static synchronous compensator (STATCOM), Cascaded H-Bridge, Internal model decoupling, a -
b- ¢ and d-q coordinate, Double-loop control.

Conventional reactive power compensation devices,
such as parallel capacitor, do not have fast track,
continuous compensation and other characteristics.
Due to the poor dynamic regulation performance, the
dynamic compensation cannot conform to the
requirements of the system. At present, as one of

1. Introduction

As one of latest technologies in the field of
reactive compensation, static synchronous
compensator is an important part of Flexible AC
Transmission System (FACTS). STATCOM is

connected to power-grid in the form of parallel. So, it
can be used as controllable reactive current source.
Its reactive current can quickly follow the changes of
the load reactive current. According to the reactive
power needed in power-grid system, it can automatic
realize the dynamic reactive power compensation.

http://www.sensorsportal.com/HTML/DIGEST/P_2478.htm

important reactive power compensation devices,
Static Var Compensator (SVC) has more application.
However, if output current reaches the maximum
capacity value, the reactive power output will drop
down and the compensation effect will not be ideal.
As an effective method for regulating the power
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quality for the distribution system, the medium
voltage cascaded STATCOM becomes the research
focus in recent years [1, 2]. Relative to the traditional
transformer multiple, cascaded STATCOM with
H-bridge structure has obvious advantages, such as
no multiple transformers, high efficiency, scalability,
modular design [4].

Each phase of cascaded STATCOM is composed
of multiple power units called H-Bridges. Based on
LCL filter, the output current of STATCOM is
optimized controlled into the grid. Through the
analysis of mathematical model, cascaded
STATCOM, which 1is constructed by several
cascaded H-bridge, is a nonlinear, multivariable,
strongly coupled system. It will make difficulties in
the design and practical application of controller.
Although the D-STATCOM mathematical model in
the paper of modeling of cascaded STATCOM [5] is
set up, but output current of STATCOM is used as
state control. In the process of applications, complex
control, slow dynamic response, poor stability will be
shown. In the literature [8], the method of by
changing output voltage amplitude and phase of
STATCOM to control reactive current indirectly is
used for STATCOM reactive current control. But in
the real application, poor control characteristics of
slow dynamic response, low control precision will be
displayed Through equivalent conversion and
simplification, mathematical models, which use d-
axis and Q-axis current of system as state control
variables, are deduced in a -b- ¢ and d-q coordinates.
In the process of analysis, active current component
of load current is not included in system current.
Based on the theory of internal model control and PI
control strategies, the internal decoupling control
algorithm is introduced to realize independent control
of the active current and reactive current. At the same
time, decoupling control algorithms are designed and
decoupling control models are given and simulated.
Then, the design of current controller for active and
reactive is achieved to realize the decoupling control

of active current and reactive current in the dynamic
reactive power compensation device (STATCOM).

Finally, based on the development background of
medium voltage cascaded STATCOM, the MATLAB
simulation models and experimental devices, which
are used to verify the rationality of system structure
and control strategies, are established. Dynamic
performance and steady-state performance are
analyzed in the simulation and experiment.
Simulation and experiment results show that the
mathematical models and strategies in this paper are
feasible and effective. The reactive current control
has also rapid dynamic response, good stability
characteristics.

2. Topological Sructure and Model
Analysis of Medium Voltage
Cascaded STATCOM

2.1. Main Circuit Structure of Cascaded
STATCOM

As shown in Fig. 1, main circuit model of
medium voltage cascaded STATCOM, which uses
Y- connection topology structure, is established. This
paper introduces the filter reactor designed by LCL
structure in order to realize optimal control for output
current.

Usa,Ush,Usc — Three-phase voltage of system side;
isaispsisc — Three-phase current of system side;
iLayiLbyiLc — Three-phase current of load; iza, i2n, i2c —
Three-phase filter current of system side; L, — Filter
inductance of system side; R, — Filter equivalent loss
resistance of system side; i1a, i1b, i1c — Three-phase
filter current of the inverter; L1 — Filter inductance of
the inverter; Ry — Filter equivalent loss resistance of
the inverter; Ua, Up, Uc — Three-phase output voltage of
inverter; C — Filtering capacitor of LCL filter; Ry —
Resistance of capacitance branch.
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Fig. 1. Main circuit model of medium voltage cascade STATCOM.
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Based on H-bridges, the cascaded structure of
medium voltage cascaded STATCOM is designed.
Each phase consists of 12 H-Bridge cells in cascaded
H-Bridges structure. The DC-side capacitors are used
as energy storage.

According to the DC bus voltage synthesis
strategy, the desired output voltage is obtained. The
three-phase cascaded STATCOM, which uses Y-
connection and coupling inductances, is connected to
the power grid. By changing the size and phase of
output voltage, the power exchange between grids
and STATCOM is realized. The measured voltage
and current signals are accessed in STATCOM
controller to generate trigger control signals.

2.2. Mathematical M ode of Cascaded
STATCOM in a-b-c coordinates

As shown in Fig. 1, three-phase of STATCOM is
not only independent, and also is symmetrical each
other. Three-phase voltage of system can be
represented as the following form:

u, =U cos(at)
ug,:Umcos(a)t—z%) (1)
Uy :Umcos(wt+2%)

Cascaded STATCOM, which uses LCL filters as
filter device, is a nonlinear, multivariable, strongly
coupled system. So, there is certain difficulty to
control. The main design purpose of LCL filters is to
filter out harmonic components; so, the system
analysis can simplify the structure of LCL filters to

the form of L filters. The variable symbols L. and

S
& are defined as the smoothing reactors and its

losses. Three-phase of STATCOM is independent
and symmetrical of each other. So, it is typical to
choosing A-phase current of system as the research
object.

The established single-phase equivalent circuit
model is shown in Fig. 2. The symbol variables of

qu"sap > ILaq > ILap
reactive current, system active current, load reactive
current, load active current of A-phase variables,

respectively. System current and load current can be
+1i

sazlsaq sap °

are used to represent system

express as the following form: |
.= Il_aq +I|_ap.
model of A-Phase will decompose into two
respective circuits; the specific model is shown
in Fig. 3.

In the circuits, active current and reactive current
could be controlled independently. Compensation
device's aim is to provide reactive component and
guarantee the value of reactive component in
the system is zero. Before the compensation
device starting,

Single-phase equivalent circuit

IsazILa

lp =1iap - ©)
g =1iag

After the compensation device starting, it will
provide reactive current for load current,

ha =iy

op =1iap - 3)
I%ml =

Fig. 3. The equivalent models of active and reactive
power compensation.

As shown in Fig. 3, A-phase equivalent model
of cascaded STATCOM can be express as the
following form,

I () =10 () N

d
usa(t):Ls( o Riligg®—iq®)+U, (1) (4)

i.e.

digg® dig® Rigg®  Rig® u ) u,
dt — dt L L L oL ®

S S S S

Similarly, the equivalent mathematical model of
B-phase and C-phase can be built:

wﬁm:mﬁm‘wf®+wfm+%@‘%g’ ©

S S S S
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oD dig () Riscq(t)Jr Iiimq(t)Jrusc(t)_uci(t), 7
dt dt L L L L Q)

S S S

Formula 5, 6 and7 are the mathematical models of
cascaded STATCOM in a-b-c coordinate.

IF g = (i g ) > Uspe = (U Uy Ui )

Laqu:<iLaq9iquai|_cq>, uabc <u Ub,uc>
formula 5, 6 and 7 can be simplified to the following

form,

du® _Giar® Rlot®, Rian® U UV,
¢ L L Lk

®

2.3. Mathematical Mode of Cascaded
STATCOM in d-q coor dinates

Through the analysis of the above formulas,
mathematical models of cascaded STATCOM in
a-b-c coordinates in this paper which have time-
variable coefficients are differential equation. It will
make difficulties in theoretical analysis.

The application of coordinate rotating transition
method is used to simplify the dynamic model of
STATCOM. Three-phase coordinate transformation
matrix (Park transform) between a-b-C coordinates
and d-q coordinates is shown below.

T=

sin ait sin(a)t—gﬂ) sin(a)t+gﬂ)
\P 3 3T )

cosat cos(at— % ) cos(at+ %ﬂ')

=27t is

angular frequency of fundamental current. Three-
phase coordinate transformation matrix and the
coordinate inverse transformation between a-b-c and
d-g coordinates is shown below.

In the above formula, symbol

Xiqo = TXope

, 10
X =T X "

The symbol variables of X, . and Xyqo are used

to represent the corresponding vector in a-b-c
coordinates and d-q coordinates, respectively. If

| eoq = <sqd’|sqq> u%lbc:<usd’ust>’
g = (iqoigg): U =(Uply).  the
mathematical model of cascaded STATCOM in d-q
coordinates can be simplified to the following form,

%ﬂ ) —E +ai +Lsusj+ddt+E aquq—iud
Ay qu oo
ra E'sm wsnd+|1u8q+ dt Equ qud_Euq

(11
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The equivalent circuit of above mathematical
model can be expressed as the following form.

. di

Lgd

i \ . di,
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Fig. 4. Equivalent circuits of cascaded STATCOM
in d-g coordinate.

In the above formula, the output variable symbol
Uy and u, of STATCOM are input variables in the

mathematical model and the variables of isqd and

isqq are system control quantities. In this model,

there’s also coupling relationship between reactive
current and active current. Decoupling control
algorithm is required to realize independent control
of active current and reactive current.

3. Current Decoupling Designs of
Cascaded STATCOM based on
Internal Model Control

3.1. Principleof Internal Model Control

The principle diagram of internal model control is
shown in Fig. 5.

E4®
Iw(SA+
05 Gt or 60 Ml<s>

G(S) - Internal control model; G(S) — Controlled objects;
Gc(s)

Fig. 5. Principle block diagram of internal model
control (IMC).

— Internal model controller

The equivalent feedback control principle
diagram of internal model control is shown in Fig. 6.
The equivalent controller can be expressed as the
following form.

GF (9= |: |- CIMC(S) é(s):|_ CIMC (9

Fig. 6. The equivalent feedback control principle diagram
of internal model control.
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3.2. Decoupling Control Strategy
of Internal Model

The state equations of formula 11 are given by
using Laplace transform. The specific formula is

shown in the formula 12.
{ud—uw}_{sl_ﬁ& Lo }{im—imﬂ 02
Uy —Ug Lo sL+R lsog ~iog

If Vy, =Uy —Ugy;s Vg = Ug —Ug 5

Iy = Isqd _Iqu ) Iqu = Isqq _Iqu >
can be simplified to the following form.

Va _ SL3+R5 _Lsa) isLd 13
Vq - Lsa) SLS+R5 iSLq , ( )

The construction of G (S) and L(S) :

the formula 12

o sL,+R -Lw
G (9= 5
L sl +R
A
L(s) = AJ”% A , then
S+4

Crc(9=G"L(9)

_|:SLS+RS _Lsa) :||:%+/1 0 ]
L sk + A
N R0 Am

(14)
sL,+R -Lo
-1 s+1 S+A
Lw sL,+ R
S+4 s+A1

When the parameter of ,1:%_ is increased, the

response speed and oscillation increased, while
inertia decreased; on the contrary, the effect is
the opposite.

By wusing the -equivalent feedback control
principle diagram of internal model control, the input
and output current transfer function can be deduced
in the following form.

9 _ G961 C(96) |
'® 1+G966 1+C.Mc<s)[G(s)—é(s)} (13)

iSLd * .*SLd
|<s):L },l(s){:* } (16)

GF (S)=|:| _CIMC(S)é(S):l_ CIMC(S)

-1
=[| _LI} G"(S)L '
s+A s+
sL,.+R, -Lo
s s
B Lo sL.+R
s s

When the condition of G(s)=G(s) is true, the
formula 15 can be represented as the form of

(s =L(s)> At last, control

1"(s)
algorithm is realized in formula 17 using the
parameters of 1(s) and 17(s).

%+l 0 iy

iSLd
. = L , (17)
|:|qu:| 0 /IS+/1 I sLq

the decoupling

The formula of G(s):é(s) will be true, if the

necessary parameters of Ls and Rs are designed

accurately. On the contrary, by choosing a larger
value for parameter A, the equivalent response of |

and |~ can be supposed to be inertial link. At last, in
order to achieve ideal response effect, PI controller is
also introduced into the control algorithm. According
to the principle of decoupling control, first-order
internal model control principle block diagram of
STATCOM is shown in Fig. 7.

Fig. 7. The decoupling principle diagram of internal
model control.

4. Simulation and Experimental
4.1. Simulation Platform of System

As shown in Fig. 8, the cascaded STATCOM
actual simulation circuits, in order to verify the
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correctness of STATCOM mathematical model in
a-b-c coordinates and d-g-O coordinates and the
rationality of internal model decoupling control
algorithm for decoupling control of active and
reactive power, are built in MATLAB. Compared
with the simulation model in a-b-c coordinates,
control algorithm is made with an internal model
control structure and coordinate transformation in
d-g-0 coordinates. The simulation model is shown in
figure 8. Inverter system adopts cascaded connecting
mode, and the structure of H-bridge and star
connection method is also presented. The simulation
parameters of experiment device are shown in
Table 1.

The output variables Uy »Uq of STATCOM are

input variables in the mathematical model. The

variables of i,y and i, are system control
variables, which should satisfy the following
u
P >0
4ch+ a/‘o/o —»Uq
——ca y| 6/ 74>u3:|
u
pierr) Vo
Aol
S
Aol
S
AL, +R)
S

-k

| =

.. d

conditions, _iq
| =

saq

The reference voltage of

V; and V; , using decoupling control method, are used

to achieve the control of output current. Cascaded H-
bridge modulation signals generate three-phase

output voltage of U, Uy, U,..

Table 1. The simulation parameters of experiment device.

Parameters Value
Voltage class (V) 380
Number of power unit 3
DC-side capacitors (UF) 9
Equivalent resistance of Capacitors () 0.0003
Inductance of filter (mH) 4.8
Equivalent resistance of filter (2) 0.03
ei
%
. 3
9 1 |y | §
~(sL,+R) c
=
g 2
3 8 =
- » S )
=4 3 —\| 2
e P_WM » © |drive;, &
3 signal s — /| T
- [P » 5 2
S5 = =h
2 &
g T
(e}
D
2 triangular
2 carrier signal
o
=

Fig. 8. System simulation model.

4.2. Simulation Verification of Cascaded
STATCOM in MATLAB

In order to simulate the various conditions in
engineering practice, a comparison of the two kinds
of load in simulation system, that is, capacitive load
and inductive load is made.

Capacitive load is composed of resistor and
capacitor in series, its specific values are 2Q and
6004F . Another condition is that resistance and

inductance in series are used to simulate inductive
load. Its specific values are2Q and 3mH . The wire
connection method of the two kinds of load adopts
star connection method. In the process of simulation,
the load consists of universal bridges, resistances and
inductances which are controlled as a harmonic
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current source. Its value is 20Q and
3mH, respectively. The simulation results are
shown below.

As shown in the following figures, the waveforms
of system voltage, system current, load current,
device current and it’s current in d-g-O coordinates
with different steady-state loads before and after the
compensation are analyzed.

In the process of switching resistor-inductance
load to capacitive load, the dynamic waveforms of
system voltage, system current, load current, device
current, real-time and reference g-axis current and d-
axis current are shown in Fig.9 and Fig. 10,
respectively. The balance control of
DC-side capacitor voltage is also realized in the
dynamic process (Fig. 11).
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Fig. 9 (a). Before the compensation, waveforms of system
voltage, system current and load current.
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Fig. 9 (b). Before the compensation, d-axis current
of the system and load.
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Fig. 9 (c). Before the compensation, g-axis current
of the system and load.
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Fig. 10 (a). After the compensation, waveforms of system
voltage, system current and load current.
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Fig. 10 (b). After the compensation, d-axis current
of the system and load.
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Fig. 10 (c). After the compensation, ¢-axis current
of the system and load
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Fig. 11. The balance control of DC-side capacitor voltage.

4.3. Experiment Verification

Dynamic reactive compensation experiment
device (STATCOM) is mainly composed of control
cabinet, power cabinets, starting cabinet, reactors,
etc. Based on the structure of cascaded H-bridges,
star connection method is adopted in the design of the
wire connection method in three-phase system.
Multiple FPGA control structure is introduced which
consists of FPGA control board, A/D board, 1/O
board, optical fiber interface board and power board.
The parameters of experiment device are shown in
Table 2.

Table 2. The parameters of experiment device.

Parameters Value
Voltage class 10 kV
Capacity +5SM
Number of power unit 12
DC-side capacitors 10 uF
. 2mH
Filter reactor R4 mH
Filter capacitor 6.76 puF
Filter resistance (Suppress resonance) 8.55Q

The integral control principle diagram is shown in
Fig. 12.

During the experiment, control system has two
experimental devices of STATCOM, one is
compensation device, and another is used to generate
reactive current and harmonic current. The
experimental structure is shown Fig. 13.
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. Integral control principle diagram
Startcontainer o cascaded STATCOM
CT Soft startet contactor Soft statting resistance
| LCLfilte . -
— o e o
Fuse Main contactor i | =
protector | E 3 2
R B S S S
g
P1 | . 2
Control cabinet 7
FPGA control panel U
Current decoupling | pPWM -
control, dc voltage | ) FPGA driver
control, unit protection, board of IGBT
etc. |

|Load|

AC Power Grid

. Start container |

Soft startert contactor ‘
— | |
— —

Fuse ' Main contactor | |

protector | P

Soft staﬁing resistance

Soft starter contactor
—1 m
— 1

Fuse
protector

Main contactor

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 13. Structure diagram of system experiment.

The analysis of experiment waveforms is shown
in the following figures. From Fig. 14, in steady-state
condition, the value of reactive current, which is
generated by load cabinet, is 150 A. But the actual
data indicates that part of reactive current that should
be compensated by compensation device is now
being absorbed by LCL filters. The specific value is
25.4(A) and 120.4 (A). Then, the value of system
reactive current is 1.6(A). As can be seen from the
above data, the compensation device can achieve
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dynamic compensation without the need of reactive
current from the grid.

As shown in Fig. 15, in the process of load
variations, dynamic reactive output current of
STATCOM can track the reference current quickly.
The value of changes is 150(A) and 50(A).The date
in Fig. 16 is the real-time value of DC-side capacitor
voltage. Data in the Fig. 16 shows that there is small
deviation between units, indicating balance control
DC-side capacitor voltage.
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(c) Dynamic current waveform of Load change and its
value changes from 50(A) to 150(A), alternately

Fig. 15. Current tracing waveform of Load variations.

Fig. 16. The value of DC-capacitor voltage.

5. Conclusions

According to the development background of the
medium voltage cascaded STATCOM, mathematical
models of cascaded STATCOM in a -b- ¢ and d-q
coordinates has been established in this paper.
Decoupled control structure, which consists of
internal model decoupling control and PI method, is
adopted in current control loop. The design of
decoupling control is also realized between the active
and reactive power. Simulation and experiment show
that the established mathematical model and the
decoupling control strategy can realize the dynamic
decoupling current control.
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