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Abstract: - In this paper, a novel parameter design approach of the PI controller used for individual DC voltage
balancing control of cascaded H-bridge converter-based STATic synchronous COMpensator(STATCOM) is
presented. By means of phase shift sinusoidal pulse width modulation, using two control loops(DC voltage
control loop and phase angle shift control loop) to ensure DC voltage balance, the proposed approach can
calculate parameters of the PI controller of the two control loops relative accurately by finding the relationship
of the input and output of PI controller, The simulation and experimental results verify that the proposed
method has good effects of balancing individual DC voltage, meanwhile, it makes the system a good dynamic

performance.
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1 Introduction

Multilevel converters have received more and more
attention because of their capability of high voltage
operation, high efficiency, and low electromagnetic
interference. especially, multilevel converters have
been used for STATCOM widely as it can improve
the power rating of the compensator to make it
suitable for medium or high-voltage high power
applications[1-2]. There are many types of
multilevel converters used for constructing
STATCOMs such as diode-clamp converter, flying-
capacitor based converter, and cascaded H-bridge
converter. cascaded H-bridge topologies is more
popular because of its many advantages: (1)it can
generate almost sinusoidal waveform voltage from
several separate dc sources to reduce harmonics. (2)
it can response faster because of eliminating the
need of a transformer to provide the requisite
voltage levels. (3)modularized circuit layout and
packing is very easy due to the simplicity of
structure[3-4].

Fig. 1 shows the block diagram of a cascaded H-
bridge multilevel converter based STATCOM.

The converter used in STATCOM acts as an
inverter, and each H-bridge cell can generate three
different voltage outputs by connecting dc voltage
to ac side through different states of the four
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switches. The control of the phase angle between
line voltage and voltage source converter (VSC)
voltage leads STATCOM to absorb or supply
reactive power. For cascaded H-bridge converters
based STATCOM, it is important to ensure that the
power drawn from each DC side is equal. Thus,
each H-bridge cell in the inverter is equally utilized.
However, due to inverter devices are not ideal and
have different tolerance errors, each dc capacitor
voltage may not be exactly balancing. It is a main
disadvantage for cascaded H-bridge converters used
for STATCOM, so it is necessary using an
additional control strategy to balance the DC
voltages [5-12] [14].

Several literatures have discussed how to balance
the DC voltage of the cascaded H-bridge multilevel
converter. In [8] shifting a small phase angle of the
output voltage for every H-bridge cells is presented.
In[9][10] a switching pattern swapping scheme is
presented. However, a low-frequency switching
modulation--looking-up table method was used in it
due to the limitations of high power electronic
switches. In [1], it combines individual balancing
control with clustered balancing control to regulate
DC voltage. However, it is not easy to assign
appropriate values to gain parameters. like in [1],
in[14], additional control loop is used to regulate
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each phase voltage, where phase shift is still used. A
similar control strategy is used in[11]. In [12]
individual voltage balancing strategy (IVBS) used
for a single-phase STATCOM is presented,
individual DC voltage and the reference value are
used directly to regulate the active power absorbed
by each cell.

Generally, phase angle shift control scheme is
one of the most simple methods and easy to
realize.This paper proposed a novel design approach
about the PI controller of the two control loops
(traditional DC voltage control loop and a small
phase angle shift control loop), by means phase shift
SPWM technique, it can realize DC voltage well
balance.
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Fig. 1- Schematic of a cascaded-multilevel converter
based STATCOM system

2 Control scheme

2.1 Dynamic model of STATCOM
Fig. 2 shows the equivalent circuit of the

STATCOM system, where v, is the source voltage,
V. is the generated voltage of the STATCOM and
I, is the current drawn by the STATCOM, L, and

R are reactance and resistance of source and filter
reactor.
According to equivalent circuit shown in Fig. 2

|
LC;tC +RI, =V, -V, (1)
In d-qg synchronous reference frame, the
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mathematical expression of the STATCOM is
shown as follows:

Li i-cd +R icd _ Vsd _ Vcd +(0L Icq
dt Icq Icq Vsq ch _ch

)
Vsd _ 1
e
I L. R
— Y Y {1
+ +

“e v

Fig. 2- Equivalent circuit of the STATCOM

2.2 Decoupled Currents Control Strategy
Equation (2) can be expressed as:

i[icﬂ ~ {— RIL 0 }{icd } +£{vsd ~Vy + a)Licq}
dt| igq 0 —R/LJg| L|Vs—Veg —@lig
(4)
Combine equation (4)with(3) , Introducing two
intermediate variables, X1, X,
X, =Vgy —Vgg + a)LiCq
{xz =~V —ligy

Q)

Then convert (4) to

a1 il
dt | i 0 —R/L||iy| L[X
(6)
Variables x1, x2 can be obtained
X, =Ky (g =)+ K [ (05 —icg )it
X = Ky (i —icg) K [ (i0y —ig )t

i;‘q is the reference of the reactive current, and it
can be got through reactive current detection. The
reference of the active current, i’ , is derived from a

Ll Cd il
PI controller as follows:
i:d = (kp + ki /S)(Véc - szdci /(n -1)
Where nis the number of level.

the d-axis and g-axis reference voltage equations
of the STATCOM in Fig. 3 are

VE::d — Vsd _ Xl +a)L Icq
ch Vsq X, g

The modulation index and phase angle of

(7)

(8)

(9)
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STATCOM output voltage are given by:

M1 = ()2 + (v,)? fknt, (10)
§=tan" (v, /v,,) (12)

|

) |
: Vdc leg™ 1
| Pl !
:Vdc-ref controller

|
|
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|
|
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where k is a constant whose value depends on the
modulation technique scheme used, n is the cascade
number. in this paper, k is 0.5.

Modulation strategy

—_——— e e e — —

|
I I "[controller :pulses
| .
—E—_————————— === M:(VC *2+Vc *2)0.5/(kv C) MI Carrier |
ia— abe te : ol —ta:rl(v i/v *)+Ad — phase shift |!
leb— d | — oi—= cq 1Ved Oi — spwm I
C | icq L @Le ] %1 modulator I~
| [
- é ' Pl JUq /N |, Lode o __ !
Vsa Ll 1 “Lcontroller
Vs ] |
I_ __________________________ -
| PI :
abc — Vsd : Velc-ref controller | g, |
dq [ Vsu | Veci :
Individual dc T/O_lt;gg Eaﬁr;:iﬁg_ controller
Fig. 3- The complete control block diagram of cascaded H-bridge
converter based STATCOM system.
2.3 Analysis and Parameter Design of P () =1,.U, sin? ot (16)
|nd|-V|duaI DC Voltage controllers . The integration of the loss power in a period
In Fig. 3, the output of DC voltage controller is used 4T, 4T, _
as the reference of the active current, and its main L P, (t)dt :It (1,.U, sin® wt)dt
purpose is to maintain the DC voltage stable and ° °
compensate the loss power of the compensator. In = IansTs /2 17)

order to get relative accurate parameter about PI
controller, the relationship between the active
current and DC capacitor variation is analyzed.

Assuming the main voltage of a A-phase u(t) is
expressed as follows:

ug (t) =U,sinwt (12)
For STATCOM, the A-phase compensation
current can be expressed as
i, (t) =1, sin(wt +06) (13)

S0 i, (t) =1 sinwtcosd+ 1, cosmtsing (14)

Letl,=1.cosd, I, =1:sind then I, I

respectively the amplitude value of fundamental
active current and fundamental reactive current :
i (t) =1, sinwt+1,, cosmt (15)
The majority of the output current of the
STATCOM is reactive current to compensate
reactive power of the load, but there is a little active
current contained in i, . loss power of the cascaded
STATCOM is obtained as follows:

G 1S
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The integration of the active power in a period is
used to stabilize the voltage of DC Capacitor:

. 1 2 1 2 to+Ts
Ap - EC(U dc + AVdc) _ECVdc - LO pca (t)dt

(18)
Combine (17) with (18), we can get the following

formula:
2V, C C
| =] === AV, +| — [(AV, )?
pa (TSUS j dc (TU J( dc)

S S
(19)
Converting | , to three-phase system will get the

reference of active current.

ir, = [ﬁvdcc JAVdC + (ﬂJ (AV,)?

TU J2T U,
(20)

S S
According to (20), DC voltage controller has been
designed.
Theoretically, every H-bridge cell has the same
structure, and carrier signals are distributed. So the
amount of reactive currents drawn in and out of the
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DC capacitor over a cycle are equal. Voltages on all
the dc side capacitors will keep balanced finally. DC
voltage balance can ensure that the power drawn
from each DC side is equal, Thus, each H-bridge
cell in the inverter is equally utilized. However,
because of non-ideal converters and their internal
losses are not identical, each VSC will have
different DC voltages. Different DC voltages will
affect the character of STATCOM and even damage
the switch device. In conclusion, for all the
STATCOM based on multilevel, DC voltage
regulation is essential for normal operation. This
paper, the additional control loop- phase angle shift
balancing control is used.

Phase angle shift balancing control Principle is
explained in the following.

Fig. 4 shows the output current and output
voltage of an H-bridge converter in STATCOM
application[13]. In order to simplify the explanation,

take the current and the voltage are exactly 90°
phase shifted for example, the total charge of the
DC capacitor is zero, therefore, the capacitor
voltage is stable.

AVge |- —-

'Avdc_'_'

éi 7-0;
Oi-Aoi m-0i-Aoi
Fig. 4-Relationship of the phase angle shift in
output voltage to the capacitor voltage change
However, if a small phase angle shift is
introduced to the voltage waveform, the total charge
in the capacitor is not zero, and a small positive
phase angle shift means DC voltage will decrease,
then the capacitor voltages can be corrected by
adjusting the phase of the output voltage.
For phase angle shift control, the value of angle
shift for each H-bridge cell is obtained by PI control
of its practical DC voltage in Fig. 3

2 Ve

n—1)/2

28, = K kG

Vdci ) (21)
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In order to calculate more accurate parameters of
Pl controller, we also need to study on the
relationship between the phase angle variable
quantity and DC capacitor variation.

Fig. 4 shows a H-bridge cell average charge over
a half cycle, where, the phase current lagging the

phase voltage by 90°, and it indicate the system is
working at full-inductive mode. If a phase angle is

shifted ahead by A¢;, then the energy absorbed by
capacitor can be expressed as

W, = j;__z;(y V2V, cos At
242

=——-V,,1 cosé sinA¢, (22)
0]
In one cycle, the active power injected from
the mains is
42 .
one — TVdci I cos el sin Aé‘l (23)
Because of Ag,issmall, AS,~sinAJ,
42
one — W VdciI COS@iAé} (24)

W, 1S USed to compensate the loss power of each
cell of the STATCOM . Hence:

1
Wone = ECI (Vdci dm) dCI2 (25)

According to (24) and (25), the addltlonal phase
shift can be obtained to be:

Co Co
AS, =—=—"——AV,, +—————(AV,,)’
421 cos 6, 8\/—Vdc,lc036'( o)
(26)

Because the switching scheme adopts phase shift

unipolar sinusoidal pulse width modulation,
0=r/4.
Aé‘| = %Avdm C @ (Avdm) (27)

dci

The additional phase angle shift controller could
be designed by (27).
2.4 Required Capacitance of DC Capacitors
When the switching scheme adopts phase shift
sinusoidal pulse width modulation introduced next
section, expression for DC voltage shown as
follows[15]

Vg (1) =Vpe + & m, | cos 2wt (28)

In (28), m,is the MI, and I is the peak current

drawn by the STATCOM. From(28), peak to peak
voltage of DC capacitor is
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m,|
AV, =——
© 20C
In this paper, in order to keep AV below 5%
Vbe, required capacitance of DC capacitors is

33004F

(29)

2.5 Switching scheme

As shown in Fig. 5, switching scheme adopt phase
shift unipolar sinusoidal pulse width modulation.
There are three respectively, and they are shifted by

T5/3, where triangle carrier signals for three H-
bridge inverters T, is the period of these carrier

Shift carrier
IS

A\
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signals. For modulating sinusoidal  signals
Vi and -V, , their initial phase angle is decided by

the sum of 6 and AJ;,
Veay = MI COS(0 + 5+ A8))
Vo = Ml cos(8 + 5+ AS, -120°)  (30)
Veey = Ml cos(6 + 6+ A5, +120)

One of the main advantages of this switching
scheme is that the harmonics of the resultant
STATCOM output voltage only appear as sidebands

centered around the frequency of 2Nf, and its
multiples.[15]

Modulation wave

V|

“l0 1 r—1 .
P72 I R N O

N L 1 .
7 LT 1 T

Ve

Fig. 5-Schematic diagram of multilevel voltage generation under phase shift unipolar SPWM

3 Simulation results

3.1 Steady state
Fig. 6-7 show the simulation results when the
system under steady state.

The values of the parameters of simulation system
is shown in Table 1.

Fig. 6(a) is the system voltage v, and load current
I,, and Fig. 6(b) shows that the system current i,

and voltage v, are almost in same phase when
STATCOM absorbs reactive power from the
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system.
the output current of the STATCOM is shown in
Fig.6 (c).

Fig. 7 shows there phase output voltages and
current of STATCOM.
3.2 Dynamic state
DC voltage controller parameters are designed in
this paper to control individual dc capacitor voltage,
In order to make the active loss of every H-bridge
cell is not identical, add different resistance to each
DC side of H-bridge.

Fig. 8 shows the DC voltage control situation, the
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first 0.3s, phase angle shift control loop is not
active. at that time, it is enabled.

From Fig. 8, it can be seen that ,after 0.3s, the DC
voltage are regulated quickly. Voltage balance is
achieved after 50ms.

To indicate the dynamic performance of the H-
bridge cascaded STATCOM. Fig. 9-11 shows the

Table. 1 Electrical and control parameters for
the simulation system

parameters values
Source voltage us/V 220
Line frequency f/Hz 50
DC capacitor capacitance C/uF 1 650
Source inductance L¢/mH 0.2
Filter inductance L¢/mH 5
Filter capacitance C./uF 1.88
Sampling frequency f ¢/kHz 10
Switching frequency f . /kHz 10
Vsa(200V/div)

0.20(ms) 0.‘22 0.24 0.‘26 0.‘28 0.30
(a)
Vsa(200V/div)

0.20(ms) 022 024 026 028 030

0.20(ms) 0.22 0.24 0.‘26 0.‘28 0.30
- - (C) -
Fig. 6- Simulation results

waveforms in a transient state from full-inductive to
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full-capacitive operation with a step change at 0.1s,
the DC voltage reference is 115V and 125V
respectively.

500 b

Vca(SOOV/dlv)

,,,,,,,,,

. i
, ; " ical20AVdiV)

Vep(500V/div)

icc(20A7div) : : :

0.15 0.16 0.17 0.18 0.19 0.20
Time(s)
Fig. 7-Output currents and voltages of the STATCOM
in steady state

140

130k SUURUURE SRR s SR U SR k

1“

Tl \1,,. 'H'M - Mu ‘
T s

200 Fceeeeens ........... RN e TR RN B

90 1 i i i [ i
0 0.1 0.2 0.3 0.4 05 0.6 0.7
Time(s)

Fig. 8-DC voltage of each H-bridge cell of the STATCOM
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20 b ,,,,,,,,,,,,,, \\*-"* .... DA s

I

0.10
Time(s)

Fig. 9-Reactive current and reactive current reference

iqlig*(A)
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| Vga(400V/div)
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-400
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Time(s)

Fig. 10-System voltage and compensate current

0.20

140

DC voltage(V)

100

0.04 006 0.08 010 012 014 016 018 020

Time(s)

Fig. 11-DC voltages and DC voltage reference

4 Experimental results

The whole control strategy has been realized on a 3
kw five voltage level prototype CHB-based
STATCOM to demonstrate the performance. The
block diagram is shown in Fig.12. As there are two
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phase input voltages, two phase input currents and
all DC-Link voltages to be measured, consequently,
twelve A/D conversion circuits have to be designed.
The control algorithm is implemented on a DSP
Texas Instruments TMS320F2812 32-b fixed point
microprocessor and a XC3S50AN FPGA, where
FPGA is used to realize modulation strategy, and
DSP is used to complete The entire algorithm,
including Clarke transformation, PI regulator, etc.

Ve Ls s i,
Vb Nonlinear
v —
Ve Load
- ) Y v
io | I o
[P
; L¢ \i
| cHB ; % Voltage current detect
| converter
T N
*ﬁ ﬂf Conditioning
Driving circuit peripheral circuit circuit

| Shift carrier Generator |I
DSP |

I

—|Dead time ‘_<1:J—o—’ Duty cycle calculatlonl'

Fig.12- Experimental setup for a prototype
CHB-based STATCOM

About FPGA, three main blocks are presented:
Clock management block, PWM generation block,
Dead time generation block . All programming is
done in verilog HDL circuit description language,
and each functional block is an entity in verilog
HDL. the program of Dead time generation in in
verilog HDL are given in Appendix.

Simulate the Dead time generation in Modelsim
and the simulation result is shown in Fig.13

Experimental result in steady state shown in

Fig.14. it is obvious that the system currenti,, and

voltage v, are almost in same phase when

STATCOM absorbs reactive power from the
system. the a-phase output voltage of STATCOM

v, is a five level voltage.

Experimental results under dynamic state is
shown in Fig.15, the variation of dc capacitor
voltages (Two dc capacitor voltages in a-phase)
when individual balancing control is enabled.
Initially, the dc capacitor voltages are unbalanced
due to the different power losses of H-bridge units,
but when the individual balancing control is
activated, the voltage balance is achieved in 0.2s.
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A Apvrn_t_test_wAuut/Clk 5K

B4 Jpwm t_test_vAut/Sina 0007100017

B9 Jpwm_tt_test_w/uut/Carrier? | 00010001

B Jpwm_tt_test_w/uut/Carier2 | 000010111

/
\\

& Fpwm_t_test_wiuut/PwMal |0

A v t_test_wAuut/Peead [0 [

Now |D000ps | ' ....1.0 .............

mE

10200 us

Fig.13- Modelsim simulation results

Tek g @ Stop M Pos: 0.000mMS

Fig.14- Experimental waveforms in steady state.
(1) source voltage(line-neutral) v

sa’

(2)inverter output voltage (line-neutral) v

ca’

(3)the source current 1, .

5 Conclusion

A novel approach to design Pl controller for
individual DC voltage balancing control of H-bridge
cascaded STATCOM has been proposed in this
paper. Generally, using two control loops to
maintain DC voltage stable, however, it is not easy
to design the controller of the two control loops.
This approach can get relatively accurate parameters
by finding the relationship of the output and input of
the controller.

The simulation and experimental results show
superior of the design controller, the DC voltage
balancing is accomplished, meanwhile , the system
has very fast responses to the step commands.
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Appendix
//Deadtime generator

always @(posedge temppwmal, negedge nRst)
begin
if('nRst)
begin
PWMA1<=1'h0;
PWMA3<=1'h0;
end
else
begin
DTdir<=1'b1;
PWMA1<=1'h0;
PWMA3<=1'h0;
end
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end

always @(posedge Clk, negedge nRst)
begin
if('nRst)
DTimer<=16'h0000;
else if(DTdir==1'b1)
DTimer<=DTimer+1;
end

always @(posedge Clk,negedge nRst)
begin

if('nRst)
DTdir<=1'b0;
else if(DTimer==16'nh0095) //0096 150
begin
DTdir<=1'h0;
DTimer<=16'h0000;
end
end

always @(negedge DTdir, negedge nRst)
begin
if('nRst)
PWMA1<=1'h0;
else
begin
PWMA1<=1'h1;
/I DTimer<=16'h0000;
end
end

always @(negedge temppwmal, negedge nRst)
begin

if(InRst)
begin
PWMA1<=1"p0;
PWMA3<=1'p0;
end
else
begin
DTdirl<=1'b1;
PWMA1<=1'n0;
PWMA3<=1'n0;
end
end

always @(posedge Clk, negedge nRst)
begin
if('nRst)
DTimerl<=16'h0000;
else if(DTdirl==1'b1)
DTimerl<=DTimerl+1;
end
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always @(posedge Clk,negedge nRst)

begin
if('nRst)
DTdirl1<=1'b0;

else if(DTimer1==16'h0095) //0096 150
begin
DTdirl<=1'b0;
DTimer1<=16'h0000;

end

end

always @(negedge DTdirl, negedge nRst)
begin
if('nRst)
PWMA3<=1'h0;
else
begin
PWMA3<=1'h1;
/I DTimer1<=16'h0000;
end
end
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