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Abstract: The detailed model of Unified Power Flow Controller with Matrix Converter (UPFC-MC) 1s derived
and simulated for a sample power system to assess the suitability and functionality of the model. The modeling
of this new UPFC-MC structure 1s controlled by space vector modulation techmque. Through the presented
modeling, the dynamic and steady state performance of the new structure are well mvestigated. The model 1s
simulated in MATLAB by changing each system parameter.

Key words: UPFC-MC, matrix converter, steady state model, dynamic model, Space Vector Modulation (SVM)

INTRODUCTION

The FACTS devices enable the power system to
transmit the maxinum power and improve the transient,
dynamic and voltage stability. UPFC 1is one of the most
versatile FACTS device used in power system. The main
weakness of the UPFC structure developed is its energy
storage element with limited life time, hence 1t increases
the loss, volume cost and weight of UPFC. An alternate
structure of UPFC without energy storage 1s developed
with the help of matrix converter. MC 1s a direct convert
which converts directly ac-ac power without any
mtermediate stages (Geethalakshmi and Dananjayarn,
2008; Geethalakshmi et al., 2009). The structure of the MC
has many advantages such as adjustable power facer,
high quality mput and output variables, lugh operating
speed ete. 1t also has some disadvantages that its limited
voltage transfer ratio and large number of semiconductor
switches leads to lugh frequency switching.

In UPFC-MC, structure, there are two methods direct
power conversion and indirect transfer function approach
(Monteiro et al., 2011). In general for the UPFC-MC
structure mndirect modulation approach 1s  used
(Tranaq et «l, 2010). In the indirect space wvector
techmque, MC operates as two stage transformation
converter, one as rectification stage providing
constant vitrtual dc link voltage and other inversion
stage to produce three phase at the output terminals. As
like our UPFC, structure shunt and series converter stages
(Shahir and Babaei, 2013a, b) here the rectification and
mversion stages performs the same operation of UPFC

converter and hence, mstead of two converters, single
converter 18 enough perform the operaton This study
investigates steady state and dynamic model UPFC-MC
through mathematical modeling (Shahir and Babaei, 201 3a,
b; Babaei and Shahir, 2012). Sameeullah ef al. (2008) has
presented the Genetic algorithm based technique to solve
non linear system equations.

MATERIALS AND METHODS

Structure of UPFC-MC
Topology of UPFC-MC: The UPFC-MC structure shown
in Fig. 1 mcludes the matrix converter with mnine
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Fig. 1: UPFC-MC structure
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bi-directional switches, its input and output filters, the
series and shunt transformer at the transmission line side.
The transformer may be star or delta comected
structures. The bi-directional switches of matrix
converters directly connect the each one of the input
phases to the three output phases (Babaei et al., 2006).
Filters used in the structures eliminates the high
frequency components from nput current because matrix
converter acts as a current source at the input and also
output voltage harmonics because matrix converter acts
as voltage source at the output side. The UPFC-MC
structure mput current injected in the shunt side and
fundamental component of voltage injected in series with
the transmission line. The generalized equations of input
current and output voltages are shown m the followmg
Eq. 1 and 2:

L

ia= L cos(ogt —g);

Ii,b = Iim COS((Dit - ¢ - 1200 ), (1)
Ii,c = I, cos{ot—; — 2400)

Vo,a = Vom Cos ((.Oot - (Po );

Vo,b =V, 08 (@ t—g, — 1200); (2)

Vo,c = Vom COS (gt — gy — 2400)

Modulation technique: The UPFC-MC structure has
restricted switching pattern combination which has
27 possible switching states out of 2° = 512 states. This
refers to the structure of MC (Hosseim and Babaei, 2003),
because 1t should satisfy the two conditions, input
phases never be short circuited to protect device from
heavy in rush current. And output phases never are open
circuited to avoid over voltage spikes. The space vector
modulation techmque of MC uses the input current as a
rectifier stage of conversion and output voltage as a
inverter stage of conversion (Huber and Borojevic, 1995).
Hence, there are two SVM hexagons and finally they are
combined to make the 27 possible combmation of
switching states.

Rectifier side structure: The Voltage Source Rectifier
(VSR) side includes six switches with SVM technique. The
reference current vector using the switching period is
derived in Eq. 3 and 4. Duty cycles of the VSR switches
are given in Eq. 5:

T, T;. T
[=TL+ S+ 3)
Ts Ty 5
#*
d, 1, +dgls+dg Ig =1 “)

d, =m;sin (60° - §; );
(5)

dg = m; sin(8;) and
dy=1-d, - dj

The VSR duty cycle 1s and current modulation index
are calculated as follows:

(6)

dygp =dy + dg =m;sin(60” — &) +m; sin (;)

m w3 (7)

Inverter side structure: The Voltage Source Inverter
(V5I) side also includes six switches with SVM technique
the reference voltage vector is obtained from the duty
cycle, using Eq. 8 and 9:

T,
V::T—““Vq+—ﬁVB+T—OVD (8)
Ty Tg Ty
dy Vg +dg Vg +dg Vo =V, %)
dy =mysin(60° - 8,3, dg = mysin(3, ); 10)
dog=1-dg —dp
dygr = dg + dg;
VST a T Up (11
= m, sin (60° — &, )+m, sin (5, )
_ Vom'\/§ (]2)

° Vdc
Duty ratios and the modulation index of the output side
was calculated using Eq. 10-12.

State space modeling of UPFC-MC: The VSR side, the
mathematical model for phase a is given by:

And this equation can be rewritten as:
Lia d;lta =-Rialiat Vita— Via (14)
Vi,a = A, cos (Si,a —307)
(15)

_ m;Vye

cos(m;t+ q; —30%)
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Fig. 2. Generalized equivalent circuit of UPFC-MC

dIi,a - R

ia dt i,a'I

+Vipa— A cos(d;, —30°) (16)

ia

From the V3I side:

d
V10 = A €08 (8,, ~30°)-L,, gf-R 1 (17)

0,a70,a

And fmally, the wvirtval de lLnk voltage can be
expressed as:

dvdc _
T Z Vik — Yok (18)
k=a,b,c
Idc = Ii,clc - Io,dc (19)
Ly = Z L xdig —Toxxdok (20)
k=ab,c

The Vde and I de values are expressed m Eq. 18:
X=AX+BU (20)

From the above equation and generalized structure
shown in Fig. 2 the state space equations for the
proposed model as follows:

X=AX+BU (21)
X= [Ii,a Ii,b Ii,c Io,a Io,b Io,c Vdc]T (22)
U= [Vi,t,avi,t,b Vi,t,c _Vo,t,a - Vo,t,b Vo,t,c ] (23)

Steady state modeling: Ignoring the loss and resistance of
the transformers assuming constant V., and I, the per
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Fig. 3: Steady state equivalent circuit

phase steady state equations in VSR and VSI side are as
follows. Figure 3 shows the steady state equivalent circut
of the proposed model:

o= [ mi;[dc ] COS(Bi,a - 300) +3¥X <L, (24

\Q$a—[n%€%“J0045ma30ﬂ+jX0x%J' (25)

Input and output terminal voltage 1s expressed in
Eq. 24 and 25. The equations for phases b and ¢ can be
written by considering the phase difference of 120° and
240", Assuming that, ignoring loss there is no active
power transferred from UPFC-MC and power system, the
virtual link DC voltage and current are stable.

Dynamic modeling: Applying park transformation to
(Eq. 16) and (Eq. 17) the rectifier and inverter side
equations on dgo axis can be obtained as:

m; Vg, o
— = &: =30
{Vi,t,d}_ { 7 }005(1 )

V: .
vha {—mlzvdc ] sin{ 8; — 30°)

(m" Vie ] cos(Bi - 300)
(Vo,t,dj _ Z
Vv
o.ta Mo Ve sin{§; - 30%)
2
0 =X, Io,d
+
X 0 Io,q
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Controller design for UPFC-MC: There are number
methods are available for the controller design of
UPFC-MC, the basic control methods are based on
maximum power transfer and minimum power factor
correction. And other methods also include, linear and
sliding mode controlled based on PQ decoupling
controller and cross coupled methods. This study mainly
uses the PQ decoupled control structure:

P_Vd Vq Id
Ql Vg ~Va|Iq

q
Assuming reference frame synchronized to the mains
then:

(26)

P= VdX Id (27)

Q=-VyxI, (28)

Based on the relations active and reactive powers of
the transmission line was calculated. The values obtained
are compared with the reference value of P.;and Q. And
according to the control system parameters of voltage and
currents are calculated. The rectified side parameters are
regulated by two PI controller and the outputs of the PT
controller are modulation index and theta which is then
given to the SVM pulse generator which generates the
pulses for VSR side switches, similarly for inverter stage
also done. There by pulses are generated for rectification
and nversion stages.

RESULTS AND DISCUSSION

The parameters of the proposed UPFC-MC structure
and control functions are simulated in MATLAB. The

three phase balanced ac source and loads are taken to
study the performance of the presented structure. Load
variations are created with the help of circuit breaker block
to study the performance of the given system shown in
Fig. 4.

The details and parameters of the sample system was
given in Table 1. The power flows of the transmission line
with load variations without the FACTS devices are

simulated and shown in Fig. 5.

Table 1: Power system parameters

Parameters Values

Three phase ac voltage source 1

Rated voltage 500 kW=1.03
Frequency 50Hz

Short circuit level 10, 000 MVA
Base voltage 500 kV

X/R, 8

Three phase ac voltage source 2

Rated voltage 500kV=1.03
Frequency 50Hz

Short circuit level 6500 MVA
Base voltage 500 kV

X/R, 8
Transmission line parameters

Resistance per unit length 0.01273 Q km™!
Inductance per unit length 0.9337 mH km™!
Capacitance per unit length 12.74nF km™*
Length 1 100 km
Length 2 200 km
Length 3 180 km
Shunt transformer ratings

Nominal power 150 MVA
Frequency 50 Hz

Nominal voltage
Magnetization reactance and resistance
Series transformer ratings

500 kv/i2l kv
500 pu

Rated voltage A2kV21KV
Rated power 150 MVA
Magnetization reactance and resistance 500 pu
GBI switching parameters

Internal resistance 0.001 Q
Snubber resistance 0.1M Q
Snubber capacitance Infinite

2,0

-3
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Fig. 4 Sample power system model
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The load voltage and current variations are shown
in Fig. 6. The UPFC-MC is connected between the
buses Bl and B2 via the shunt transformer and series
transformer. The dynamic load 1s applied through
circuit breaker. Various loads of 200 and 500 MW,
300 MVAR at 0.04 sec and 400 MW, 800M VAR 0.1sec
are applied to the power system. The voltage profile
with the UPFC-MC 1is shown m Fig. 7 and it clearly

Real power

shows improved the regulated output voltage profile.
The power flow variations are also noted down and
shown in Fig. 8.

It can be seen from Fig. 8 the active and reactive
power flows are increased with the proposed structure.
Finally, the input variation at the matrix converter
mput side without and with filter connections is
also measured and plotted m Fig. 9 and 10

Qlpa]

Fig. 5: Real and reactive power flows without FACTS device

Load Voltage

Fig. 7: Continue
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Fig. 9: Input voltage and current variations with matrix converter without filter
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Fig. 10: Input voltage and current variations with matrix converter with filter
CONCLUSION REFERENCES

In tlis research, the generalized UPFC-MC
structure was designed and developed. The dynamic and
steady state model of the structure was analyzed with the
help of mathematical functions. Matrix converter is
comected to the transmission line as UPFC and the
simulated results shows that active and reactive
power flows were effectively controlled using this
structure. By proper design of control parameters and
high frequency filter there was no steady state
error found and power factor cormrection was also
achieved.

Finally this new structure reduces the line losses
by improving the power factor, increases the reliability
and protection level of power system and improves the
voltage profile active and reactive power flows. The
simulation system defined in this paper was a simple
power system model composed of generator, bus and
loads. The system was not complicated. The power flow
adjustment 1s easy. Future discussion relies on how to
control power flows in complex multt mput multi output

systerm.

NOMENCLATURE
Indel = Index to show input side quantities
Tndex o = Index to show output side quantities
mb=i, 0 = Modulation index
&db=io0 = Phase angle
wyb=1i,0 = Switching angular frequency
tyb=1i0 = Phase difference
T = Peak value of input current.
Vo = Peak value of output voltage
Lixk=abec = Input current of phase k
Voxk=ab,e = Output voltage of phase k
I = Reference of input current vector
Vo© = Reference of output voltage vector
T = Switching time in a period
T, T, .T, . T = Switching times in adjacent vectors
d; .d; . d,,d; = Duty cycles in adjacent vectors
dygb=i0 = Zero duty cycle
Tyob =1, 0 = Zero switching time
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