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Transient Analysis of a Unified Power Flow
Controller and its Application to Design of the
DC-Link Capacitor

Hideaki Fujita Member, IEEE Yasuhiro Watanabe, and Hirofumi Akagiellow, IEEE

Abstract—This paper presents a transient analysis of a unified - ————— UPFC___ __ -
power flow controller (UPFC), and design of capacitance of the Vs I Vo I Vr
dc-link capacitor. Active power flowing out of the series device in @ w e |
transient states is theoretically discussed to derive what amountof 22/ ™ W{—Wv—'m@
electric energy the dc link capacitor absorbs or releases through R .
the series de%%ce. As a resuItF,) it is clarified that the active powger Sending lICSh . Receiving
unt Series end

flowing out of the series device is stored in the line inductance as
magnetic energy during transient states. Design of capacitance of
the dc-link capacitor is also presented in this paper, based on the
theoretical analysis. Experimental results obtained from a 10-kVA

laboratory setup are shown to verify the analytical results. ~~ «____——— _ _ ——— _ _.

|
|
f
|
| |
end I :
| device device |
| |
| |
| |
| |

Index Terms—DC-link capacitors, dc-voltage regulation, tran-  gig 1. Basic configuration of a UPFC.
sient analysis, unified power flow controllers.

If a nonnegligible active power flows into the dc-link capacitor,
I. INTRODUCTION the dc-link voltage would rapidly rise up, and overvoltage would

UNIFIED power flow controller (UPFC), which is one of 2PP€ar across the dc-link capacitor. The required capacitance of
A the most promising devices proposed in the FACTS coffle dc-link capacitor, along with the transient response of the

cept, has the potential of controlling power flow and improvingunt device for the purpose of controlling the dc-link voltage,
stability in transmission lines [1]-[10]. Fig. 1 shows a basie"ould be appropriately designed to avoid the overvoltage.

configuration of a UPFC. It consists of a combination of series 1€ Purpose of this paper is to perform a transient analysis of
and shunt devices, the dc terminals of which are connectedP@Ver flow in a UPFC. Active power flowing into, or out of, the

a common dc-link capacitor. The series device controls pow%ques device is theoretically discussed, based on instantaneous
flow between the sending erid; and the receiving entiz by voltage and current vectors rather than phasors. The analysis

means of adjusting the phase angle of its output voliageOn reveals_ that the ac_tive_ power flowing out_of the series device is
the other hand, the shunt device performs the dc-voltage rér(ji_nsmltted to _the line inductance |ntran5|entstat_es. Itcon<_:|ud_es
ulation as well as reactive power control. Currently, Americaiiat the electrical energy released from the dc-link capacitor is
Electric Power (AEP) has installed a 160-MVA UPFC at thgqua! tothe magnetlc_: energy store.d mtheIm_emductance.dunng
Inez substation in eastern Kentucky, which is the first practickpnsient states. Design of the dc-link capacitor and transient re-
implementation in the world [10], [11]. sponse of thg shunt dgwce are presentedl along with the theo-
Most researches have emphasized the effect of UPFCs'8lical analysis. Expenmgntal resu'lts obtained from a 10-I§VA
power flow control and stability improvement. However, a littid2Poratory setup agree with analytical results as well as simu-
literature has been published on dynamic performance and triied results.
sient behavior of UPFCs. The authors have presented a transient
analysis of power-flow control and proposed a new dynamic Il. EXPERIMENTAL SYSTEM CONFIGURATION

control method capable of achieving a power-flow response asrig. 2 shows the 10-kVA laboratory setup of the UPFC used
fast as 3 ms without any power fluctuation [12]. in the following experiment and simulation. The circuit param-
Fast power-flow control in a UPFC causes fluctuation of theters are shown in Table I. In the experiment,and vy are
de-link voltage because the voltage injected by the series devigg&umed to be sending and receiving ends of the transmission
and the current of the transmission line form an amount of actiyige, respectively. The purpose of the installing UPFC is to con-
power, which flows into the dc-link capacitor in transient statego| the power flow betweens andvg. An inductorL and a
resistor R represent inductance and resistance existing in the
Manuscript received January 17, 2000; revised June 8, 2001. Recommenﬁ@&‘smwspn l_me'_ . . .
by Associate Editor G. K. Dubey. The main circuit of the series device is composed of three
H. Fujita and Y. Watanabe are with the Department of Electrical Engineerirﬂ._bridge voltage-fed PWM inverters with a switching fre-
Okayama University, Okayama 700-8530, Japan. . . . .
quency of 1 kHz. The ac terminals in each H-bridge inverter
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Fig. 2. Experimental system configuration.

TABLE | i
EXPERIMENTAL SYSTEM PARAMETERS ' ) J, J/ . .
Gy —] ta [ U Yc YCa Ve,

Transmission rating P 10 kVA . inv .
Utility line-to-line voltage Vs | 200V w—>3/2 dq| |Ea(D)| |4, 23— vy
Utility angular frequency wo 2w % 60 rad/s G i5 e I Vos Vi
Inductance of inductor L 1.0 mH (=10%) ?
Resistance of inductor R 0.04 Q (=1%)

Series device capacity P 1.0 kVA (=10%) sinwol Tcos wot
RMS phase voltage of v Ve 12 V (=10%) vs—m_,@]
Capacitance of dc-link capacitor Cac 200 pF wot

DC-link voltage Vac 200V

Unit capacitance constant UCC | 4x10—3 J/VA Fig. 3. Control circuit of the series device.

(34, 200-V, 10kVA, 60-Hz base)

injects a 90-leading or 90-lagging voltage, and then make it
possible to adjust the phase anglesef

single-phase transformer with a turns ratio of 1:12. The kVA

rating of the series device is given by IIl. CONTROL SCHEME

Fig. 3 shows a block diagram of the control circuit. The three-
phase to two-phase transformation obtainand: s from three-

which is 10% of the rated power in the transmission line betwe8faS€ currents,, i, andi,,. Thed—g transformation yields,
vs andug. andi, with the help of sinusoidal signalsin wyt andcos wyt,

The shunt device consists of a three-phase PWM inverter, apich are taken from a read only memory (ROM). The phase
its ac terminals are connected in parallel with the transmissiBHCrmationwot is generated by a phase-lock-loop (PLL) circuit.

line via a three-phase transformer with a turns ratio of 2 : 1. The The “advanced control” proposed in [12] is applied to the
shunt device regulates the dc-link voltagelas = 200 V. For series device, which has the capability of damping out power

the sake of simplicity, the experimental setup has no Capab"ﬂyctuatmns in transient states. The voltage refererfceand

of controlling reactive power. Uc, are given by

The dc terminals of both series and shunt devices are con- ot K -K * iy
nected to a common dc capacitor@f, = 200 p:.F. The UCC [ Cd} = [K’ Kq} [ d } (1)
(unit capacitance constant) introduced in [13] is b "

3x12Y x 294 =1.0kVA,

£y

Ué(l i(l
where K, and K, are active- and reactive-power feedback
UCC = %CdCVjC/Pc =4x10"%J/VA. gains, respectively, andl,. is a control gain capable of damping
out power fluctuations. Integral gains are addedspand K,
A phase-shifting transformer, which consists of thre® eliminate steady-state errors from the active and reactive
single-phase transformers and a three-phase slide regulatopowers. The control gaink’,, and K, are set to 0.5 V/A, and
employed to simulate a difference in phase angle between the time constant of the integral gain is set to 5 ms. The gain

sending and receiving ends. The phase-shifting transfornf€y acts as a resistor for power fluctuations, and improves the
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stability of the power flow in transient states [12]. The gain f
K, is set to 1.2 V/A in order to achieve a damping factor of (
¢ = 0.8. These gain settings allow a response time as fast as 3
ms without any power fluctuations.

On the other hand, the shunt device regulates the dc-link
voltage by using a feedback controller with a proportional plus
integral gain. The dc-link voltage reference is set to 200 V in
the experiments and simulations. The gains are intentionally L
adjusted to provide a response time as slow as 50 ms in this ps
experiment in order to verify the theory developed in this paper.
Fast regulation of the dc-link voltage makes it difficult to mea-
sure the energy absorbed or released by the dc-link capaci|t_(i)gr,
because it is calculated from the dc-link voltage variations in”

the following experiment. It is possible to introduce fast voltage _
regulation to practical use. second term depends on the phase angle because the amplitude

of vs andvg are almost the same.
The most interesting component in (5) is the third term which
means that the active power flows into the indudtotn other
A. Active Power Flowing Out of the Series Device words, the electrical energy stored in the dc-link capacitor is
To design the dc capacitor and the shunt device, it is necessé@psmitted and stored in the inductor as magnetic energy. This
to know the active power flowing out of the series device. ~ termincludes the differentials af and:,, so thatit appears only
At first, the following equation is obtained from the systeni transient states, but it does not exist in steady states. Any con-

4. Power flow of the UPFC in transient states.

IV. POWER FLOW ANALYSIS

configuration shown in Fig. 2 ventional power flow analysis based on the phasor theory can
not predict the existence of the third term, because the phasor
d tu Ve + Vs — VRu theory is applicable only to steady-states gnglysis.
<R + L—) in | = | vow +vse — VR |- %) Usually, the phase angle betwagnandvg, is in a range from
dt . Ve + Vsw — VRw 20° to 30" at the rated line current (1 pu) under normal operating
conditions in a power system. Théns, — vr4) in the second
Applying thed—q transformation to (2) produces term is 0.14 pu, and thus the second term.igl x 1.0 = 0.14

pu. In this case, the line reactance is about 0.5 pu. If the power

R+ Li —wolL ; flow i_s change from 0.5 to 1 pu in 3 ms linearly, Then the third
dt J { .d} term is
2
wolo R+l | diqg . 7 AI 05 05
L—ig=——FI= — X 1.0=0.22pu
_ | Vca tvsa — URd:| 3) dt w AT 27 x 60 3 x 10
Veg +Usg — VRg |

wherel is the rms value of each line current. Accordingly, the

wherewy is the angular frequency of the transmission systeriflird term, that is more dominant than the second term, is not
The active power flowing out of the series devipe, is given Negdligible when quick change happens in power flow.

b
y B. Energy Transmitted From the Series Device to the Line

P = vodtd + Voglig- @) Inductor

This section discusses how much electrical energy is trans-
Substitutingucq anduc, in (3) for (4), the active powepc is  mitted from the series device to the line inductor. Here, it is as-

represented as follows: sumed that a transient state start at 0 and ends at = 7.
During the transient state, thkaxis current;; changes from
po = R(ig® +1,2) — [(vsd — vRa)ia + (Vsq — VRe)ig] Iy to I and theg-axis currenti, from 1o to I ;.

Cdig . dig Integrating the third term in (5) fromh= 0 to ¢ = 7" derives
+L <"d§ T E) : () the electrical energy transmitted from the series device to the
inductor in the transient state. The transmitted enexdy is
Equation (5) tells us the power flow in the transmission lingiven by
equipped with the UPFC in transient states as shown in Fig. 4.

The active power flowing out of the series devipe, is drawn AW — /T <id(t)Ldid(t) 4 (t)Ldiq(t)> i
into the receiving endz, the resistork, and the inductor.. 0 dt ¢ dt
The first term in (5) is equal to the dissipated power in the line = %L(Ijl + ]31) — %L(L%o + 130), (6)

resistorR. The second term represents active power transmitted

to the receiving ends, which depends on the amplitude and ph@ike energyAW is equal to the difference of the stored energy in
angle difference betweer andvg. Usually, the reactive power the inductor betweeh= 0 andt = T'. MoreoverAW depends
component, has to be controlled as zero, apgy—vrq) inthe  on the amplitude change of the line current.
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Assuming a set of three-phase balanced sinusoidal currents, 0 AN ANN NN NN
the line currents,, 7., andi,, are given by vs [V] 203 \VAAVAAVAAVEAVEAVAAVARVAR
) 107 J\
Ty cos wot ve [V] 0 AN AN ANNANVAYAN
iy | = V2I | cos(wot — 21/3) | . ) _10L VVVVVVL
Lw COS(UJOt + 27T/3) 50F
LU VAVAVAVAVAVA
Applying thed—q transformation to (7) yields _sol
50r —
g Vi3I ia [A] 25
=1 ® e
25¢
Substituting (8) to (6) leads to ig [A] 0 —— :
—25L
2 2 1000‘
AW =1L (\/311) Y (\/310) e W] 0 A
=$L(13 - I3). © ol
) _ v VOO o,
Equation (9) concludes that the transmitted power can be deter- 150 . . -
mined by the rms values of each line current before and after the 10 ms
transient state. The simple equation is useful for designing the
capacity of the dc-link capacitor. Fig. 5. Simulated waveforms for the step change in power flow from 5 kW to

10 kW.
V. DESIGNING THEDC-LINK CAPACITOR Substituting (11) to (10), along with invoking an approximation
Based on the analysis of power flow in the previous sectioof £2 < 2¢, yields the required capacitance of the dc-link ca-
designing the capacity of the dc-link capacitor is performed pacitor as follows:
this section. The electrical energy transmitted to the inductor 5
has to be released from the dc-link capacitor and/or supplied by Cye = M
the shunt device. If the shunt device supplies all of the energy to 2eVi,

the inductor through the series device, no fluctuation occurs-i o required capacitance of the dc capacitor is proportional to

the dc-link voltage. In this case, the kVA rating required for the jine inductance, so that a large capacitor is required for long-
shunt device is equal to or larger than that of the series device, ki nce transmission systems.

tho_ugh the shunt. device supplies asmal'l amount of steady—sta.\tgor example, the capacitance of the dc capacitor in the ex-

active power, which corresponds to the first and second terms;ifkimental setup is designed here. It is assumed that the power

(5). . ) flow increases from 5 kW to 10 kW (50% to 100%), that is, the
On the other hand, when the dc-link capacitor releases g, current changes from 14 A to 29 A. In order to reduce the

transmitted energy through the series device in the transigfityation of the dc-link voltage to 10% in the transient state,
state, a small kVA rating is required for the shunt device, whigfjo required capacitance is given by

is slightly larger than the steady-state active power. The dc-link
voltage, however, fluctuates in transient states, according to re- ~3x0.001 x (297 — 14?)
leasing or absorbing the energy. Thus, the dc-link capacitor has de = 2 % 0.1 x 2002
to be designed to mitigate the fluctuation of the dc-link voltage. . . L

The following discussion is based on the assumption that t nethe following experiment, a 200F capacitor is employed.
dc-link capacitor releases the transient-state active power, while
the shunt device supplies only the steady-state active power.
When the dc voltage changes frdm, to V;.1, the energy re- Figs. 5-8 show simulated and experimental waveforms for
leased from the dc-link capacitak W, is given by a step change in active-power flow. The output voltage of the
series devicey is measured by using a 400-Hz low-pass filter
to remove switching ripples of 1 kHz in the experiments. The
transient analysis program “EMTDC” is used for the following

whereC. is the capacitance of the de-link capacitor. The rSimulations, where the series device is assumed to be an ideal

leased energyA V.. is equal to the transmitted energyiv’, controllable voltage source, disregarding switching operation.

. . . The simulated and experimental waveforms agree well with
iven by (9). Here, the ratio of the dc voltage cha de- . ; )
gned ag ©) ’ 9 ngs each other, not only in the steady state but also in the transient

state. Figs. 5 and 6 show simulated and experimental waveforms
Viaco — Vet in the case of a step change in active-power flow from 5 kW to
€= Vio (1) 10 kW. Here, the phase anglenf with respect tay is set to

12)

=240 p F.

VI. SIMULATED AND EXPERIMENTAL RESULTS

AWye = 3Cuc(Vio — Vi) (10)
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Fig. 6. Experimental waveforms for the step change in power flow from 5 kWig. 8.  Experimental waveforms for the step change in power flow from 10 kW
to 10 kW. to 5 kW.
200p ANNNANANNNDNDN a shunt device rated at 800 W is required for the dc-link voltage
vs [Vlmg_j \VARV/ \/ \VAAVARVARVARY regulation, accompanied by increased losses and costs.
The step change from 5 kW to 10 kW causes decrease of the
V] 13— ANANANANDNN NN dc-link voltagewvy. from 200 V to 176 V because the dc-link
ve 1o V VYV VLV VL capacitor releases an amount of electric energy. Thereafter,

o gradually approaches 200 V by the function of the shunt device

il o AN AN N A - . with a response time of 50 ms. The energy released from the
dc-link capacitorAW,. is given by

_50_
50—\\ 1 -6 2 42y
ia[A] 25 AWy, = 5 X 200 x 107" x (200 176%) =0.90J

while the increase of electromagnetic energy stored in the in-

io [A] QZF . . ductor,AW is obtained from (6) as
st AW =1 x 0.001 x (50% — 25%) = 0.94 J.
1000
pc (W] G|‘_ B —— : Note thatA W, almost equal@\ V. This means that the series
-1000 device transmits the energy from the dc-link capacitor to the
e inductor during the transient state.
vae [V]200 ' . Figs. 7 and 8 show simulated and experimental waveforms
15 i for a step change in active-power flow from 10 kW to 5 kW.
10 ms In this casews leads by 5.4 with respect tovg. The dc-link

Fig. 7. Simulated waveforms for the step change in power flow from 10 k\MOltage rises up from 200 V to 222 V during the transient state,
to 5 kW. in contrast with Figs. 5 and 6. The enertyi¥ . is —0.88 J,

while the energyAIW is —0.94 J. In this case, the energy is

2.7° to produce the active-power flow of 5 kW before the Ste'hr]ansmltted from the inductor to the dc-link capacitor through
e series device.

change. In this condition, the second term in (5) is as small as
10 W because of the small phase angle. In Fig, 6tarts to rise
the instant the current referenggchanges, and reaches 50 A
after 3 ms without any power fluctuation. This paper has theoretically and experimentally discussed
The active power flowing out of the series devige,reaches transient power flow in a UPFC, based on instantaneous power.
800 W in the transient state, while it is less than 100 W after tide transient analysis performed in this paper reveals that the
transient state. The required power rating of the shunt deviceigtive power flowing out of the series device is transmitted
about 100 W in the case of this experiment because the transi¢atthe line inductance in transient states. It is experimentally
state active power is released from the dc-link capacitor. If thverified that the energy released from the dc-link capacitor is
shunt device supplies all the transient-state active power, #gual to the energy stored in the line inductance at the end of
dc-link voltage can be maintained as a constant level. Howevieansient states.

VIlI. CONCLUSION
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Contributions of this paper can be summarized as follows. [11] N. G. Hingorani and L. Gyugyilnderstanding FACTS Piscataway,

When a UPFC is installed in a long-distance transmissic
line, it may be impractical for the dc-link capacitor to releas
or absorb all the transient-state active power through the !
ries device. In this case, the shunt device should share the tr
sient-state active power with the dc-link capacitor, or the seri

. . - . NJ: IEEE Press, 1999.
Fast power flow control in transmission line induces 812] H. Fujita, Y. Watanabe, and H. Akagi, “Control and analysis of a uni-

large amount of active-power flow between the series de- ~ fied power flow controller,” inProc. IEEE/PELS PESC'981998, pp.
vice and the line inductor. The induced active power isin  805-811.

. : . 13] H. Fujita, S. Tominaga, and H. Akagi, “Analysis and design of
Inverse proportion to the response time of the power ﬂOVJ a dc voltage-controlled static var compensator using quad-series

control. voltage-source inverters,|EEE Trans. Ind. Applicat.vol. 32, pp.
The required kVA rating of the shunt device is the sum 970-978, 1996.

of transient and steady-state power to keep the dc-link

voltage constant. When the dc-link capacitor is devoted

to releasing or absorbing the transient-state active power,

the shunt device has to provide only steady-state power Hideaki Fujita (M'91) received the B.S. and M.S.
. . degrees in electrical engineering from the Nagaoka
the series device. University of Technology, Japan, in 1988 and 1990,

respectively, and the Ph.D. degree from the Tokyo In-
stitute of Technology, Tokyo, Japan, in 2000.
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the Department of Electrical Engineering, Okayama
University, Okayama, Japan. His research interests
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tive power filters.

device should impose a limitation on the response time of tne Dr. Fuijita received three first prize paper awards

power-ﬂow control. from the Industrial Power Converter Committee of the IEEE Industry Applica-
Generally speaking, a response time required for a UPESs Society in 1990, 1995, and 1998, respectively.

seems to be 100 ms in order to damp out power swings in a

power transmission system, and therefore the transient-state ac-

tive power may be negligible. However, line breaking and power

power swings do. Hence the UPFC should have capability

Yasuhiro Watanabe was born in Gifu prefecture,

in electrical engineering from Shizuoka University,
Japan, in 1995, and the M.S. and Ph.D. degrees from

change caused by fault conditions induce a faster transition tf ::.- Japan, on May 16, 1972. He received the B.S. degree
e~

achieving response time as fast as 3 to 5 ms, in order to ov
come the fast transition. In other words, the existence of t 8
transient-state active power has to be considered in the cas =
coordinating the system operations and designing the hardw,

implementation of the UPFC. _E;
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