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\Voltage Balance and Control in a Multi-Level Unified
Power Flow Controller

Diego E. Soto-Sanchez and Tim C. Green

Abstract—The neutral-point-clamped multilevel converter is an
attractive implementation of the unified power flow controller be-

cause it facilitates back to back operation, high voltage operation Cy—— Q4
(without direct series connection of devices) and low distortion L
(without the use of multi-pulse transformers). A UPFC using three LT
converters is proposed. Two phase-shifted converters are required Ds
to provide a full range of voltage control of the series connection Q3

while ensuring low distortion and a balanced DC link. A single
shunt converter is used. A commutation angle solution that bal-
ances the voltages of the multiple DC link capacitors is analyzed
in terms of the active power balance at each node. Control of
shunt reactive power requires a variable DC link voltage. Control C
schemes for both shunt and series converters are developed and 1—
verified in terms of voltage balancing and power flow control on a
micro-scale experimental system using 5-level converters.

Index Terms—FACTS, multi-level converter, power flow control,
unified power flow control.

A
|. INTRODUCTION Chr—

HE UNIFIED Power Flow Controller, UPFC, is a FACTS

device able to provide, simultaneously, both series and
shunt compensation to a transmission line [1]. Implementation
of such a device relies on providing high-performance, high-
power power converters in a cost-effective way. The limitations
of present semiconductor devices (insufficient voltage rating
and high conduction and switching losses) make the implemen- Cr——
tation of such converters difficult. In particular, several semi-
conductors must be placed in series to meet the voltage require-
ment and the switching frequency must be kept very low to limi{y 1 one phase of a 5-level NPC converter.
power loss. Therefore, viable converter topologies for FACTS
devices are radically different to those commonly used in low
power applications such as motor drives.

A small number of experimental FACTS devices have en-
tered service including STATCOMSs [2], [3] (with rating of ap- E -
proximately 100 MVAr) and a UPFC [4] (with a total rating of (
320 MVA). These devices use multi-pulse converters that ex-
ploit the principle of harmonic neutralization between phase- J
shifted waveforms to provide harmonic mitigation. -E |

Recently, multi-level converters of various topologies have
emerged as an alternative way of implementing low-distortion -2E |
and high-power voltage source inverters [5]-[7]. In general,
these converters synthesize the output voltage from a numpgr,  phase voltage of a 5-level converter.
of available DC voltage supplies held on storage capacitors.

The complex phase shifting transformers of the multi-pulse

converter are not needed and, in principle, the series connectiorf '€ neutral point clamped, NPC, inverter is a 3-level inverter
of devices can be avoided. [5] that can be extended to a higher number of levels as shown

in Fig. 1 [6], [7]. Fig. 2 shows the phase voltage waveform

, , available from the 5-level converter of Fig. 1. All inverters of
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Fig. 3. A UPFC using NPC multi-level converters.

rating and each pair of extra levels provides one more commu-
tation angle that can be set. The objectives that can be met by
setting the commutation angles are the control (or maximiza-
tion) of the AC fundamental voltage, the elimination of certain
harmonic voltages and the control of capacitor charge transfer. -10 . . .
Generally, the number of levels will be inadequate to meet all 0 0.005 0.01 0.015 0.02
the desired objectives. Time

A d|ff|cu_lty arises with numbers of Ieve_ls beyond three in tha,;ig. 4. Shuntand series converter voltages ¥ar. | = 0.5 V... (The dotted
the capacitors near the center of the chain carry the AC-side GiHe waveform corresponds to the fundamental component.)
rent for a greater proportion of the time than the outer capacitors.
For all conditions except voltage and current in quadrature, the
inner-most capacitors experience a larger charge transfer tﬂgﬁ/
the outer capacitors. Corrective action must be taken to ens['ff'
that the capacitor charge transfers are balanced if real power V2 [ P
processing is required. One balancing method is to employ audc,, pc = — [|VS;|

Sh

s of the series and shunt converters yields (1) for the DC
currents of theth capacitor

ser

[Vser|

COS (ashunti ) + COs (aseriesi)

. . ™
iliary converters to exchange charge between inner and outer

capacitors. In PWM inverters several techniques exist that are @

not available with line frequency switching. Assuming power balance between the shunt and series con-
Inthe case of the back-to-back converter arrangement of NB&tter (... P = — Pacrice) and setting all the capacitor cur-

converters, the charge transfer of one converter could be Bals ¢4 zero, the condition for achieving the voltage balance in
anced by the charge transfer of the other [7]. Back-to-back cQfiz pc jink can be written as )

verters have been used for phase shifters [8], back-to-back in-
ertias [7], [9], [10] and UPFCs [11]. Auxiliary converters may
still be of value in back-to-back connection because they can be

of relatively low rating provided the back-to-back connection is ) .
exploited to provide most, if not all, of the balancing effort [9], Eauation (2) establishes that the control angles of the shunt
[10]. and series converter are not independent of each other. Never-

This paper describes a back-to-back multi-level converter iff1€1€ss, the commutation angles), and hence the magnitude
plementation of a UPFC which achieves independent controlffthe converter voltages, are not required to be equal. In prin-
the shunt and series voltage magnitudes, maintains Capact;tlglle, this enables independent control of the series and shunt

voltage balance and maintains transmission quality harmof§verter voltages.

distortion. The control system required for this UPFC is then The selection of the control angles on the basis of harmonic
examined. elimination in the shunt converter whilst controlling the voltage

in the series converter using (2) will not lead to harmonic elim-
ination in the series converter. Fig. 4 shows the phase voltage
waveforms of 15-level shunt and series converters. The commu-
tation angles of the shunt converter were chosen to maximize
the fundamental component and to eliminate harmonics up to

In the UPFC of Fig. 3, the DC component of the currerthe 23rd. The angles of the series converter were obtained from
flowing through each capacitor is the sum of the series and shi@} after settingVieries| = 0.5|Venunt |- It is evident that the se-
converter contributions. An analysis of the DC current in ternrges voltage is far from sinusoidal and that an alternative method
of the switching functions, the voltages and the active powef series voltage control is required.

Vi
|V:9h|

COs (aseriesi) COs (ashunti) - (2)

Il. DC-LINK VOLTAGE BALANCE IN BACK-TO-BACK
CONNECTIONS



734 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 16, NO. 4, OCTOBER 2001

Series B. DC-Link Voltage Balance
Converter
1 scrics By extension of (1) to three converters, the DC component of
Multi-Level the capacitor current can be expressed as:
Ishunt Link ﬁv;m
=t Veeri IC‘ e = \/5 Pshunt COS(O( . )+ Pseriesl COS(O( )
| series iy - unt; T 1 1;
Vehunt = L éfu :| mw |‘/;Ilunt| s |‘/;eriesl| senes
—I_ PseriesQ
T COS(aserieSQi) . (5)
Shunt Vser2 | Vvseries? |
Converter - Assuming that the amplitude of the series converter voltages are
o s related to each other according to:
2
. . |V;eriesl| = k|V;erie52| (6)
Fig. 5. A UPFC composed of one shunt NPC converter and two series NPC
converters. and that this is achieved by choosing the control angles so that
A
COS (Oéseriesli) = k cos (aserieSQi) (7)
Vseries] the capacitor current will be given by (8)
--------------------- \/5 Pshunt
}/ ,"l VSCI'iCS IC{: DC = —— COs (Oéshuntg )
i ™ |‘/shunt|
o /’ P .
01 ! + = COs (Oéseriesli) . (8)
P ,/I . |‘/seriesl | .
}/ /’ NOtIng that-Pseries = Ficries1 + Freries2 and using the power
LA > balance in (8), the condition for voltage balance will be given
02 . :
Vseries2 by:
_ |‘/;eriesl|

COS (Oéseriesli) COS (ashunti) . (9)

Fig. 6. Phasor diagram showing control of the series injected voltage through Vit

phase difference. ) o .
The latter is similar to the condition for the two converters,

I1l. PROPOSEDUPFC ToPoLOGYUSING NPC MuLTi-LEveL  however, (7) should also be satisfied. Thus the conditions for
CONVERTERS achieving DC voltage balance in this configuration (three con-

) : verters) can be summarized as follows:
Two converters of fixed voltage magnitude can be

phase-shifted such that the voltage appearing between them is €08 (geriest; ) = Kseries1 COS (shunt, )

of controlled magnltgde. The two convertgrs can operate frpm 08 (series2; ) = Fseries2 €08 ((shunt, ) (10)

the same DC-link using an open-delta series transformer. Fig. 5 ) _

shows a UPFC circuit topology comprising one converter fd¥herékscries: aNdkscries2 are the ratios between the series con-
the shunt element and two for the series element. The two seNg&er voltages, 1 and 2, respectively, and the shunt converter.
converters would each process half the total VA exchangedAlthough the voltages of the three converters are not required

through the series connection. to be equal, this may be the only case where (10) and harmonic
elimination in both the shunt and series converter can be simul-
A. Control of the Series Converter Voltage taneously satisfied.

Fig. 6 illustrates the phasor diagram of two series conver erlt?] ?ﬁta?\:\'fhmg thet condlgciﬂs to aCh'the voltage b.?lﬁncebfor
VOItages Vasice aNd Ve (assumed to be of the same mag-o e two-converter and three-converter cases, it has been

nitude) at phase angles 6f ands, with respect to the system assumed that each converter draws a symmetrical set of three-

reference. The voltage of each converter is dependent on ﬁi@se sinusoidal_currents._Pre-_existing harmonic voltages in the
voltage of each levelE and the number of positive levela] system and |mperfect|ons_|n the converte_rs adversely af-
(there bein@N + 1 levels in total). The voltages also depenéﬁct the balancg of the capa_lcnor voltages. It is expected t hat
on the depth of modulatiod{ of the converters which isin turn the power ﬂO.W imbalance W'”. be small when compared with

dependent on the control angte, solution found through har- the mherept imbalance of a single converter but, nevertheless,
monic elimination. The angle differenge = &, — s is set to the power imbalance leads to DC voltage imbalance and there-

control the magnitude of the resultant voltage vectQt,.s as Lorle a complznbsanon mecha:)nlsm II<S' reqwre"d. dThet VOIt?g? 'trE'
expressed in (3). The angle Wf..ic., 4 = (1/2)(5, + 62) is set alance could be overcome by making small adjustments to the

switching pattern of the converters (with a consequent small in-

using (4) crease in distortion) or by using auxiliary converters. An auxil-
cos(y) = [Viseries | = [Vieries| (3) iary converter may be a practical solution since it requires only
2|Vseriest|  2v2MNE a small fraction of the VA rating of the UPFC. These methods

=B+~ can also compensate voltage imbalance due to transient distur-

bo = — . (4) bances in the power flow of the converters.
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i /\/\AN\/\AN\A} Fig. 9. Capacitor voltage waveforms.

-ng0 -3000L---ou-Co-
400V R Sy - Wy : was built and tested on a scaled model transmission line. The
v ] ir W/\N\N\f converters used a fixed switching pattern and each was rated at
-nov —geen LYoo M : 2 kVA and 105 V.
4w B o e : Initial experiments with the shunt converter operating as a
v_,;,] i ' STATCOM showed that the DC voltages became unbalanced.
T F L T O OB d The voltage difference between the inner and outer capacitors
1.0y B increased with the converter current. It was found that this
v,.,] MWMMM imbalance was a result of pre-existing voltage harmonics in
P RS N mmmm e . the mains. Measured THD in the mains was approximately 3%
s Sons 198ns 158ns 208ns

of which 2.8% was 5th harmonic. Simulations confirmed that
pre-existing harmonic distortion in the mains could cause DC
voltage imbalance. For simplicity, DC voltage imbalance was
oVercome by using small VA rating bi-directional choppers.

Time

Fig. 8. \oltage and current waveforms in the UPFC and transmission syst
for |Vie.| = 0.0707 (p.u.) ande = 45°. (In each subplot, the trace with the

smaller relative amplitude corresponds to the current.) Even when operating the shunt converter at its maximum of
14 A RMS (90 lagging) the compensation current required
C. Verification of Voltage Balancing was only 125 mA.

Fig. 7 shows a simplified single-line diagram of the system
that will be experimentally investigated. The UPFC is located in
a transmission line that connects two ideal generators (sending he most versatile role of the UPFC is to regulate the active
and receiving ends). The power flow from sending end tnd reactive power flow in the transmission line. Feedback of
receiving end as measured at the UPFC connection pointthiese quantities is used to control the series injected voltage [1].
denotedp., + jq... The test UPFC was formed from 5-levelThe steady-state real power exchanged between the line and the
converters. series converter must be balanced by a real power exchanged be-

Initial verification was through a Pspice simulation. The sdween the shunt converter and the line. A small difference can be
ries element UPFC was set to inject 70.7% of its maximumtroduced between the real powers shunt and series converters
voltage at an angle of 45 The excess capability of the shunin order to change the DC link capacitor voltages. The reactive
converter was used to inject reactive power into the line. Fig.f®wer exchanged between the shunt converter and line can be
shows the voltage and current waveforms at the sending-emtlependently set for VAr compensation objectives.
receiving-end, shunt converter and series converter. Fig. 9 show$he UPFC implemented with three multi-level converters has
the voltages across the capacitors in the DC link. From thisstrictions that follow from the choice of commutation angles
figure it can be seen that all voltages remain well balanced evemd these must be addressed in any control strategy. The angles
during the start-up transient of the simulation. In steady-statan be chosen so as to set the fundamental component of the
approximately 2.5 kW of average power is injected by the sshunt converter voltage to a specified value (assuming a constant
ries converter and, therefore, a matching power is demanded®® link voltage) and to eliminate low order harmonics. The
the shunt converter. These results demonstrate the ability of fegies injected voltage is then set according to Fig. 6.
proposed circuit topology to transfer active power through the Alternatively, the commutation angles can be fixed and the
DC link without destabilizing the capacitor voltages. They alsaverall DC link voltage can be varied to set the shunt voltage
verify the effectiveness of the basic control strategies for voltageagnitude. This can release one more commutation angle for
control and DC voltage balance. the purpose of harmonic elimination. Again the series converter

In order to confirm the operation of the proposed UPFC wltage is controlled according to Fig. 6. Because the shunt
low power prototype consisting of three 5-level NPC convertewdltage magnitude will always be in a narrow range close to the

IV. CONTROL OFMULTI-LEVEL UPFC
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Fig. 10. Series converter control schematic with static de-coupling.

line voltage, the DC link voltage will be always sufficient for g, R i | O Shunt
series injection purposes. kp+ S
The overall power control strategy can be accomplished using _ . -
steady state power flow concepts [1] or by using the concept of e g Shont L
. . i 57+l
the instantaneous power andiag representation of voltages las
and currents [12], [13]. The latter enables fast, and an almost
independent, control of the line active and reactive power flows Vis Vs

to be implemented. For this case, the series voltage is controlled
SO as to regulate the an_d g-axis curre_nt flowing_throug_h the Fig. 11. Shunt converter control schematic.
line and thereby the active and reactive power in the line. The
de-coupling between the andg-control loops is provided by
de-coupling the internal- andg-axis currents loops. scheme considered here the commutation angles are fixed and
In general, the provision of perfect de-coupling betwden only the phase displacemenyun:, is freely variable.
andg-axis current, hencg andg, control loops is difficult be- ~ The chosen shunt reactive control loop, Fig. 11, is similar
cause it requires system parameters to be accurately knowntathat of a STATCOM that uses a VSI with a fixed switching
addition, system performance deteriorates due to delays in figdtern. In such a STATCOM, the reactive power depends on
control actions of the converters and in the measurement syst#éie. voltage difference between the line and the converter and
More robust control strategies have been proposed in [12] dhéreby depends on the DC voltage. This voltage is regulated
[13]. by charging, or discharging, the DC-link capacitors until the
A control strategy that provides only static de-coupling igesired reactive power has been reached. This is achieved by
considered here and is sufficient to demonstrate the abilitiexchanging a small amount of real power between the capaci-
of the power converters. The strategy is similar to the croders and the line. In the UPFC case, the series converter also ex-
coupled controller in [12] but it also includes direct terms in thehanges real power with the line and so the controller in Fig. 11
controller. Fig. 10 shows a block diagram of the control systeisi required to compensate for this also.
that regulates the voltage of the series converter. d-hand The reactive power is calculated using the line voltage and
g-axis current controllers consist of proportional controllerthe shunt converter current. A low pass filter may be required
followed by first-order, low-pass filters. These filters areo filter out the ripple caused by harmonic currents. A Pl con-
introduced in order to impose a reduced rate of change in theller makes the necessary adjustments of the phase énigle
series voltage demand. The angle differerize between the to maintain a specified reactive power flow exchange with the
two series converters is found from the required series voltalyge and in doing so also compensates any disturbance in the DC
magnitude using (3). This calculation also depends on thkieltage due to the active power of the series converter. The bal-
magnitude of the DC-link voltagedy, which together with ance of the active power between the series converter and the
the control angles of each level determines voltage of eashunt converter is maintained despite the DC link voltage not
individual converter. being regulated. To reduce the coupling between the series and
The shunt converter can be controlled in terms ofdhand shunt converters, a pre-compensation loop based on the feed-
g-axis currents required to exchange the specified active andf@ward of the active power demanded by the series converter
active power. Concurrent control of shunt active and reactineay be used.
power flows peunt @Ndgspunt) requires a VSI with the capa- The DC link voltage varies within acceptable limits for the
bility to control both voltage magnitude and phase angle. In tiseries converter to operate since only a small voltage deviation
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Fig. 12. Response to a step change in the shunt reactive power reference ﬁ; 1k3. Response to reversal of the reactive power reference-H&@kVAr

1.5 kVAT t0 0. t0 3 kVAr.
(typically -20% with respect to the nominal DC voltage) is re- _ 40k
quired to supply or absorb the nominal reactive power. § 5 okl
[
V. VERIFICATION OF UPFC GONTROL STRATEGY AND < oo
VARIABLE DC-LINK VOLTAGE %-Z.Ok-

The dynamic performance of the UPFC was tested using the °‘m4,ok . . . N
experimental system described in Section IV. Tests involved -100m 0 100m 200m time
sudden changes in the reference inputs of the control system 2.0k . . . . s]
such as changes in the line active and reactive power flows and E Lok . .
in the shunt reactive power. Waveforms were captured with a & ' . oy
digital storage oscilloscope and the data exported to a PC for = 00f o
plotting. E okl

Fig. 12 shows the response of the system to a step change in B
the shunt reactive power reference from 1.5 kVAr to zero. The 20k o Toom 200m gime
references for the active and reactive power in the line were held [s]
constant at 3 kW and 0 kVA, respectively. The first graph shows ' ' ' '
that the control loops for the line power provide an adequate 2 40[ .., NP ——
rejection of disturbances arising from the shunt reactive power B '
control loop. The second graph shows that the shunt reactive & 20}
power falls over 0.1 s to achieve its new steady-state value. The &
third graph shows the voltages across the capaditfpendCs. 9 .

It can be seen that the DC-link voltage, and by this means the -100m 0 100m 200m time
shunt converter voltage, is increased by the controller in order (5]

to reduce the reactive power absorbed by the shunt converter.
Further, the capacitor voltages are seen to stay in balance dug}glz%m Response to a step change in the active power reference from 0 to
the transient. '

The response of the system to step changes in the active and
reactive power references for the line are shown in Figs. 13 dlinte reactive power. (The line active power reference was held
14. During these tests the shunt reactive power was held copnstant at 3 kW.) As can be seen from this figure, there is little
stant at 1.0 kVAr. Fig. 13 shows the response to a reversal of theeraction between the active and reactive power of the line. In
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addition, the shunt reactive power remains constant and capide shunt converter reactive power through voltage phase angle,
itor voltages maintain balance. For the operating point chosand indirectly the DC link voltage, was found to also give ade-
here, the increase in the line reactive power requires an incregaate regulation of the DC-link voltage for proper operation of
of the active power injected by the series converter and hencetlha series converter. These properties were confirmed in a micro
increase in the real power supplied by the shunt converter. Thisale experimental system.
is, therefore, a useful test of the dynamics of the DC voltage bal-
ance when transferring active power through the DC-link. DC REFERENCES
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