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Abstract Control strategy of unified power flow controller
(UPFC) utilizing dg decoupling control is deduced in this
paper, which can closely follow the control orders of the
active and reactive power. The subsynchronous resonance
(SSR) characteristics of a series compensated system
equipped with UPFC are studied, and the results reveal that
SSR characteristics of the system may vary significantly
with UPFC in service or not. Consequently, supplementary
subsynchronous damping controller (SSDC) for UPFC is
proposed and investigated, and the effectiveness of the
proposed SSDC is verified by damping torque analysis and
time domain simulations.
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1 Introduction

In recent years, series capacitor compensations have
been widely used in China to enhance the stability and to
increase the transmission capacity of the power system
[1-3]. Although series capacitor compensation can provide
good economical profit, the risk of SSR (Subsynchronous
Resonance) could be brought to the power system at the
same time [4, 5]. Meanwhile, with the rapid development
of the power electronics, flexible AC transmission system
(FACTS) devices are widely used in the power system
[6-9]. With the ability of controlling multi electrical
parameters, e.g. the bus voltage and the active/reactive
power of the transmission line, unified power flow con-
troller (UPFC) is the most versatile FACTS so far [7]. In
China, the first UPFC project has already been put into
service in East China Power Grid in 2015, and other UPFC
projects are being planned or built.

SSR characteristics and its mitigation for series com-
pensated power system have been adequately studied, and
many research results have been published [10, 11].
However, for the problem of SSR characteristics of the
power system with UPFC, very limited studies have been
reported. In [12, 13], the impacts of the series voltage
injected by UPFC series converter and the shunt current
injected by UPFC shunt converter on the SSR character-
istics have been studied. UPFC is always used to control
the power flow of the system, whereas the impacts of the
active and reactive power flow controlled by UPFC on the
SSR characteristics have not been studied.
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FACTS like static synchronous compensator (STAT-
COM) and static synchronous series compensator (SSSC)
have been used to mitigate SSR in previous literatures
[14-16]. Equipped with back-to-back voltage source con-
verters (VSC), proper supplementary control of UPFC can
be used to enhance the stability of the power system [17].
In addition, given that no extra expensive electrical
equipment is needed, it is most promising to mitigate SSR
by using UPFC supplementary control for the power sys-
tem equipped with UPFC. However, few researches have
been reported on using UPFC to damp SSR. Reference [18]
optimized the control parameters of UPFC, and investi-
gated the SSR damping effect of the UPFC itself. Refer-
ence [19] investigated a SSR damping controller for the
shunt converter of UPFC using fuzzy control theory;
however, SSR damping controller for the series converter
has not been designed, and the SSR damping mechanism
has not been deduced.

In this paper, the control strategy of UPFC utilizing dg
decoupling control is deduced which can follow the orders
of the active and reactive power of the transmission line
closely. Then supplementary subsynchronous damping
controllers (SSDC) for UPFC are proposed, and the SSR
damping mechanism is deduced as well. Meanwhile, both
the SSR characteristics of the series compensated system
with UPFC and the effectiveness of the proposed SSDC are
investigated by damping torque analysis and time domain
simulations.

The rest of this paper is organized as follows. Section 2
proposes the control strategy of UPFC. Section 3 describes
the test system used in this paper. Section 4 studies the
SSR characteristics of the test system equipped with UPFC.
The configuration of the SSDC for UPFC, its SSR damping
mechanism as well as its damping effect are given in Sects.
5 and 6. The analysis results of the SSR characteristics and
the effectiveness of the SSDC are verified by time domain
simulations presented in Sect. 7. Conclusion remarks are
given in Sect. 8.

2 Control strategy of UPFC
2.1 Equivalent circuit of UPFC

UPFC device consists of shunt transformer-converter,
series transformer-converter and a DC capacitor. The shunt
converter and series converter inject controllable voltages
U, and U,, into the power system respectively [12, 20].
The single-line diagram and equivalent circuit of UPFC is
shown in Appendix A

Ignoring the loss of the converters, the voltage U, of
the DC capacitor is regulated by the active power absorbed
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by the shunt and series converters of UPFC, and can be
represented by:

CUdc = Re (thj:h - UYEI';;)

dt (1)

= Re[(U\L}, — rand,I3,) — Usl,]
where I, and I, are the currents through the shunt con-

verter and series converters; ry, is the resistance for the
terminal branch of the shunt converter.

2.2 UPFC control strategy

The shunt and series converters are controlled in dg-
frames synchronized to the terminal voltages of UPFC. For
the control strategy of the UPFC shunt converter, the g-axis
component of the terminal voltage for shunt transformer U
is forced to zero, i.e., the d-axis and g-axis components of
U, are:

U =U
{Ulqo @)

Then, the active and reactive power absorbed by the
shunt transformer of UPFC can be represented by:

P.s'h +sth = Ulljh
= Uralsna + Urglsng + i(Urglsna — Uralsng)
= Uilga — jU1Lnq (3)

Equation (3) indicates that P, and Qg can be controlled
by Iy4 and Iy, independently. Hence, the amplitude of U,
can be controlled by regulating /g,,. Meanwhile, according
to (1) and (3), the DC voltage U, can be controlled by
regulating Ig4.

Similarly, for the control strategy of the UPFC series
converter, the g-axis component of the terminal voltage for
series transformer U2 is forced to zero, i.e., the d-axis and
g-axis components of U, are:

U = Us
{ Uy =0 )

Consequently, the active and reactive power flow of the
transmission line can be expressed by:

Py +j0s = Ual,
= Usalsed + Unalseq + 1 (Uzglsea — Uzalseq)
= Uslseq — jUslseq
(5)

According to (5), the active power P,, and reactive
power Q. of the transmission line can be controlled by
regulating /4 and Iy, independently.
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Meanwhile, the voltage equations for the terminal
branches of the shunt and series converters can be
obtained:

B dlspa
U ld — Ufhd +r shlshd + Lxh 7 - wsLshIshq
dL, (6)
Y
Ulq = Ushg + rshlshq + Ly, Tq + @sLspIsha
dlxed
Uved = U12d + rsellsed + Lxel F - wsLsellseq
o )
Y
Useq = U12q + rsellseq + Lsel Tq + wsLsellsed

where ry, and Ly, are the resistance and reactance for the
terminal branch of the shunt converter; ry; and Ly are the
resistance and reactance for the terminal branch of the
series converter; w; is the angular frequency of the power
system.

Therefore, based on (1) to (7), the control strategy of the
UPFC shunt and series converters can be deduced and
given in Fig. 1.
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(b) Series converter controller

Fig. 1 Control block diagram of UPFC converters
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2x667 MVA
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Fig. 2 Single-line diagram of the series compensated power system
equipped with UPFC

Table 1 Shaft modes of turbine-generator units

Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz)

13.34 22.72 27.74

3 Test system

A power system equipped with UPFC is studied in this
paper, whose configuration is shown in Fig. 2. The power
plant contains two identical turbine generator units rated
2x667 MVA. Two transmission lines are used to connect
this power plant to the far away equivalent power system,
and Linel is series compensated.

The shaft of the generator unit is modeled by the lumped
masses spring system with four sections which are HIP,
LPA, LPB and GEN respectively. The frequencies of the
torsional modes are given in Table 1.

To research the SSR characteristics and its mitigation in
different system configurations, the following two operat-
ing conditions are chosen as examples.

Case 1: Line 1 is in service, whereas Line 2 is out of
service.
Case 2: Both Line 1 and Line 2 are in service.

4 SSR characteristics of the system with UPFC

Damping torque analysis is performed to analyze the
SSR characteristics of the test system. In damping torque
analysis, the system is assumed to be stable if the net
damping torque at any of the SSR mode frequencies is
positive. The damping torque due to the external system is
the component of the electrical torque 7, in phase with the
generator rotor speed wg, and can be expressed by [13, 21]:

AT'A/'&))
Aa(j¢)
where Tp, is damping torque at frequency &, and A rep-
resents the small deviation of a variable.

In Case 1, the series converter of UPFC is out of service,
i.e., the UPFC is performing just like a STATCOM. The

Tou() = Re( (s)
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damping torque of the generator with the UPFC shunt
converter in service or not is given in Fig. 3a. It can be
found that severe negative damping exists around the fre-
quency of Mode 3 (27.74 Hz), which may lead to unsta-
ble SSR. Meanwhile, the damping torques around the
frequencies of Modes 1, 2 and 3 are almost the same
whether the UPFC shunt converter is in service or not.

In Case 2, to evaluate the impacts of the UPFC on the
SSR characteristics of this system, damping torque analysis
is performed with the UPFC in service or not, and variable
active and reactive power are transferred by Line 2 when
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Fig. 3 Damping torque of the generator
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UPFC is in service. The damping torque of the generator is
given in Fig. 3b. This figure shows that severe negative
damping exists around the frequency of Mode 2 (22.72 Hz)
when the series converter of UPFC is out of service,
whereas the band with severe negative damping changes to
around the frequency of Mode 3 (27.74 Hz) when the series
converter of UPFC is in service. Therefore, the shunt
transformer-converter of UPFC has little impact on the
SSR characteristics of the system, whereas the series
transformer-converter of UPFC affects the SSR character-
istics significantly. Meanwhile, the results given in Fig. 3b
also reveal that the damping torque varies very little when
UPFC transfers variable active and reactive power.

Hence, SSR characteristics of the power system may
vary significantly in different cases when UPFC is in ser-
vice or not. To ensure the security and the stability of the
system, countermeasures for multi-mode SSR mitigation
must be designed.

5 Supplementary control of UPFC to mitigate SSR
5.1 Configuration of SSDC

To damp SSR by generating supplementary subsyn-
chronous damping torque, currents of corresponding fre-
quency should be injected into the armature windings of
the generator. As shown in Fig. 1, inner current control
loops are existed in UPFC converters, thus the supple-
mentary subsynchronous damping signal can be superim-
posed on the order of the inner current control loop for the
UPFC converters.

As shown in Fig. 1, given that maintaining a constant
DC voltage Uy, is essential for UPFC operating, thus to
minimize the impacts of the supplementary subsyn-
chronous damping signal on the UPFC operating during
transient state, the supplementary subsynchronous damping
signal for shunt converter /4, _, is superimposed on the
AC voltage control loop instead of the DC voltage control
loop. Meanwhile, to minimize the power oscillation caused
by the supplementary subsynchronous damping signal
during transient state, the supplementary subsynchronous
damping signal for series converter lyuy,, s 1S superim-
posed on the reactive power control loop instead of the
active power control loop.

The control block diagram of SSDC for UPFC is given in
Fig. 4, where Awge,, is the speed deviation of the GEN mass
of the generator unit. To mitigate multi-mode SSR, there are
separated control paths for each mode in SSDC.

As shown in Fig. 4, for the control loop of Mode i, the
Mode i component of Awg,, is extracted by modal filter i,
and imposed by proper gain and phase shift. Assuming that
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Modal filter 1 |—> Phase shifter 1

Phase shifter 2

Aa,,, P Modal filter 2 -k,

Modal filter n Phase shifter n

Fig. 4 Control block diagram of SSDC for UPFC

the amplitude and the phase of the mode i component of
Awgen are A; and ¢; respectively, then supplementary
subsynchronous damping signal for Mode i can be
expressed by:

Ligmpi = kiA; sin(w;t + ¢; + 0;) )

where w; is the angular frequency of Mode i, k; and 0; are
the gain and the phase shift of the SSDC imposed on Mode
i respectively.

If SSR is stable, i.e. A; =0, the output of the SSDC
would be:

Idump = Zldampi =0 (l = la 2a . .,I’l) (10)

Equation (10) reveals that the output of the SSDC would
be zero if SSR is stable, i.e., the proposed SSDC has none
undesirable effect on UPFC or the system under steady-
state operation.

5.2 Supplementary subsynchronous torque of SSDC

The output currents of the UPFC converters can follow the
orders of the inner current control loops closely. Therefore,
in the dg-frames used for the shunt and series converters’
control, the output subsynchronous currents of the shunt and
series converters for Mode i can be represented by:

1 .
Ly, i =Igq_i = TThSkiShAi sin(w;t + @; + Ois)
1
Ise i = Ise i = —kiseAi i il i Hise
i q 1 + Tses Sln(w + (pl + )

(11)

where Ty, and Ty, are the lag-times of the shunt and series
converters respectively.

As shown in Fig. 2, for the UPFC installed at the high-
voltage bus of the power plant, the equivalent circuit for
the subsynchronous current injected by UPFC shunt con-
verter can be represented by Fig. Sa.

In Fig. 5a, the subsynchronous current extracted by the
UPFC shunt converter from the armature windings of the
generator can be represented by:

I _ Zsyx_shi I W= Zsys _shi I
_ = ha i
gen—st denvi + Zsys,shi = den,i + Zsysvshi =
- GishkishAi Sin(wit + (OF + Hish + d)i.vh) (12)
STATE GRID

1 gen_shi q

z sys_shi )z gen_shi .
Us
6,
U d
(a) Equivalent circuit (b) Phase relationship

Fig. 5 Equivalent circuit and phase relationship of the subsyn-
chronous current injected by UPFC shunt converter

where G;y;, and ¢,y are the gain and the phase shift
imposed by the shunt converter and the power system on
Mode i.

The phase relationship between the subsynchronous
current /., o and the voltage of the generator terminal
node Ug is shown in Fig. 5b, where 9, is the phase angle
between U; and Ug. Hence, the supplementary subsyn-
chronous torque produced by SSDC of the shunt converter
is:

UGI chi sin 51
gen__shi
AT, gy=—">——"—

13
= (13)
where wg is the speed of the generator, and wg =~ 1 p.u.
under quasi-stable state. Hence, (13) can be rewritten as:

ATei_‘vh ~ UGIgen_xhi sin 51
= UgGisnkisnA; sin(wit + o, + Oisn + ¢ish) sin 0,
(14)

Similarly, the supplementary subsynchronous torque
produced by SSDC of the series converter is:

ATei_xe ~ UGGisekiseAi Sil’l((,(),'t + P + Hise + d)ise) sin 52
(15)

where Gy, and ¢;,, are the gain and the phase shift imposed
by the series converter and the power system on Mode i,
and ¢, is the phase angle between U, and Ug.

According to the supplementary subsynchronous torques
given in (14) and (15), SSR problem can be mitigated
effectively by tuning k; and 0; of the SSDCs to produce
supplementary subsynchronous torque large enough.

6 SSR mitigation using SSDC

The SSDC are tuned by trial-and-error approach in this
paper. Damping torque analysis is performed with the
SSDC in service, and the results are presented as
follows.

In Case 1, when the SSDC of the shunt con-
verter(SSDCsh) is in service, the damping torque of the
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Fig. 6 Damping torque of the generator with SSDC

generator is given in Fig. 6a. This figure reveals that the
damping torques around the frequencies of Modes 1, 2 and
3 are all positive with the SSDC of the UPFC shunt con-
verter in service, i.e. the SSDC mitigates the SSR
effectively.

In Case 2, when the SSDCsh and/or the SSDC of the
series converter (SSDCse) are in service, the damping
torque of the generator is given in Fig. 6b. This fig-
ure suggests that Modes 1, 2 and 3 are all stable with the
SSDC of the shunt converter and/or the SSDC of the series
converter in service. Meanwhile, this figure also reveals
that the damping is much stronger with the both SSDCs in
service.
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7 Time-domain simulation verification

Small signal simulations are performed using PSCAD/
EMTDC for the test system with the full scale detailed model.

7.1 SSR characteristics of the system without SSDC

In Case 1 and Case 2, the shunt converter is put into
service in initial state and trips at 5 s. The speed deviation
and the shaft torques of the generator are given in Fig. 7a,
b. The results reveal that there are unstable SSR in the both
cases. Then, the time-frequency analysis of the speed
deviations is carried out to peer into the simulation results,
and the results are given in Fig. 7c, d. Figure 7c shows that
Modes 1 and 2 are stable whereas Mode 3 is unstable in
Case 1. Figure 7d shows that Modes 1 and 3 are
stable whereas Mode 2 is unstable in Case 2. Meanwhile,
Fig. 7 also suggests that the divergence rate of the unsta-
ble mode remains unchanged whether the shunt converter
is in service or not in the corresponding cases.

In Case 2, the shunt converter is put into service in
initial state, and the series transformer-converter is put into
operation at 5 s. The speed deviation and the shaft torques
of the generator are given in Fig. 8. The results reveal that
there are unstable SSR in this system whether the series
transformer-converter is in service or not. Meanwhile,
Fig. 8b suggests that Mode 2 is unstable in initial state
whereas Mode 3 becomes unstable once the series trans-
former-converter is put into service.
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Fig. 7 Speed deviation and shaft torques of the generator without
SSDC
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Fig. 8 Speed deviation and shaft torques of the generator under Case
2 without SSDC

In Case 2, simulations are also performed with variable
orders of the active/reactive power for UPFC, and the
simulation results are given in Appendix B. The results
reveal that there is unstable SSR in this case, and the
divergence rate remains unchanged with variable active
and reactive power transferred by UPFC. Meanwhile, the
results also suggest that UPFC regulates the DC voltage
and AC voltage effectively, and follows the orders of the
active and reactive power closely.

7.2 SSR mitigation utilizing SSDC

In Case 1, the shunt converter is put into service in initial
state, and SSDC of the shunt converter is put into service at 4
second. The simulation results of the generator shaft and
UPFC are given in Fig. 9. Figure 9a suggests that the system
is stable with the SSDC of the shunt converter in service.

In Case 2, the UPFC is put into service in initial state,
and the SSDCs of the series and shunt converters are put
into service at 4 s. The simulation results of the generator
shaft and UPFC are given in Fig. 10. Figure 10a reveals
that the SSDCs of the series and shunt converters can damp
the SSR effectively.

Meanwhile, Figs. 9b, 10b suggests that the SSDC of the
shunt converter and/or the SSDC of the series converter
have none undesirable effect on the UPFC or the system
under steady-state operation.

In Case 2, the UPFC is put into service in initial state,
and either the SSDC of the series converter or the SSDC of
the shunt converter is put into service at 4 second, the
simulation results are given in Appendix B. Comparing
Fig. 10 with Appendix B, it can be concluded that the
damping with both SSDCs in service is much stronger than
the damping with just one SSDC in service.
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GEN speed deviation

L a OV
o @
o5 0 rr.
&£ " . 80 DC voltage
0,95 HIP-LPA torque Z 70
i3 W — 2 601
S 206 FMMM Sh
035
120 LPA-LPB torque _s50C voltage
35085 S
= . . =
& 29050 < 500}
GEN-LPB torque =

1.4 450—r
1.0 P""‘MWW | ——n 0o 2 4 6 8 10
0.6 .
0 2 4 6 8 10
1(s)
(a) Speed deviation and shaft
torques of the generator

Fig. 9 Simulation result of the system under Casel with SSDC of
shunt converter
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Fig. 10 Simulation result of the system under Case 2 with SSDCs of
shunt and series converters

Simulation results presented above verify the damping
torque analysis results well, and show that the SSDC pro-
posed in this paper can mitigate SSR effectively.

8 Conclusion

A control strategy of UPFC in dg-frames synchronized
to the UPFC terminal voltages is deduced and proposed in
this paper, which can follow the orders of the active and
reactive power of the transmission line closely. The SSR
characteristics of a series compensated power system
equipped with UPFC are studied. The results demonstrate
that the shunt converter and the active/reactive power
transferred by the UPFC have little impact on the SSR
characteristics of the system, whereas the series trans-
former-converter may affects the SSR characteristics sig-
nificantly. Then, SSDC for UPFC is proposed, analyzed
and investigated for the first time. The results of damping
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torque analysis and time domain simulation suggest that
the proposed SSDC for UPFC can mitigate SSR effec-
tively, and have none undesirable effect on the UPFC or
the power system under steady-state operation. The pro-
posed SSDC for the UPFC added an additional advantage
of existing UPFC, which drives to optimal cost solution for
the problem of SSR.
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Appendix A

The single-line diagram and equivalent circuit of UPFC
is expressed by Fig. Al.

-
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(b) Equivalent circuit

(a) Single-line diagram

Fig. A1 Single-line diagram and equivalent circuit of UPFC
Appendix B

In Case 2, when SSDC is out of service, UPFC is put
into service with the orders of the active and reactive power
been set to zero in initial state; the order of the active
power steps to 400 MW at 5 s, and the order of the reactive
power steps to 200 MVar at 10 second. The simulation
results of the generator shaft and UPFC are given in
Fig. B1.

In Case 2, the UPFC is put into service in initial state,
and either the SSDC of the series converter or the SSDC of
the shunt converter is put into service at 4 second, the
simulation results are given in Fig. B2.
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Fig. B1 Simulation result of the system under Case2 without SSDC
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