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Abstract - In this paper a Power Conditioning System (PCS) is
analyzed under input and output unbalanced conditions. The
PCS, which can be utilized as active filter with additional
tasks, consists of a voltage source inverter and a dc current
chopper. The PCS considered in this paper uses a supercon-
ducting magnet as energy storage device. A theoretical analy-
sis of the system behavior under unbalanced conditions is pre-
sented. Two control strategies are developed and compared
with reference to the effects on the source power quality, Nu-
merical simulations have been carried out by PSpice to verify
the performance of the PCS in steady-state and transient op-
erating conditions.

1. INTRODUCTION

Recently, large attention has been paid on power quality
improvement in industrial power systems by superconduc-
tivity technologies and power electronics, such as Micro
Superconducting Magnetic Energy Storage (u-SMES) [1]-
[9]. The typical configuration of a u-SMES based power
conditioning system consists of a superconducting magnet
and a set of power converters. The PCS can be series con-
nected or shunt connected to the network. In general, the
series connection is used for the compensation of voltage
distortion in the supply network, and the protection of sen-
sitive loads against voltage sags and swells. The shunt con-
nection is used for the optimization of the source currents.

In this paper the attention is focused on a PCS connected
in parallel with the network and the load. The system con-
figuration is composed by a Voltage Source Inverter (VSI),
a u-SMES, and a current chopper for interfacing the super-
conducting magnet to the dc-link of the VSI (Fig. 1). Using
this configuration it is possible to implement several con-
trol tasks such as reactive power compensation, active
harmonic filtering, dynamic load balancing, and voltage
flicker reduction. Furthermore, according to the stored
magnetic energy, it is possible to compensate the line volt-
age for momentary outages. Some of this control tasks are
typical also for standard active power filters [10]-[14]. This
can be realized analyzing the PCS configuration given in
Fig. 1, which includes a shunt active filter as a sub-system.
The PCS represented in Fig. 1 has been analyzed in detail
in [15]. It has been shown that, with an opportune control-
ler design, several control tasks can be performed concur-
rently. This control capability can be utilized to meet a va-
riety of applications, reducing the pay back time of the in-
vestment cost.

The study carried out in [15] is further developed in this
paper to investigate the PCS performance under unbal-
anced supply voltages. It is known that, in a practical sys-
tem, the supply is usually unbalanced to a certain extent
and this may cause a distortion of source current if suitable
control strategies are not employed.
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The PCS control strategy described in [15) determines,
at any instant, a source current vector with a constant mag-
nitude, and in phase with the source voltage vector. In the
case of unbalanced supply voltages, the negative sequence
component causes variations in magnitude and angular
speed of the source voltage vector. Under these operating
conditions, the source currents become non-sinusoidal. In
order to obtain sinusoidal source currents, two control
strategies are proposed in this paper. The first one
(Strategy I) is based on keeping the source current vector
in phase with the positive sequence component of the sup-
ply voltages. This method leads to a current vector having
constant magnitude and constant angular speed. The sec-
ond one (Strategy II) is based on keeping the source cur-
rent vector in phase with the source voltage vector, and
with a magnitude proportional to that of the source voltage
vector. This strategy leads to a source current vector simi-
lar to that of a pure resistive load.

The two control strategies have been analyzed using an
approach similar to that proposed in [16] and [17].

Numerical simulations have been carried out to verify
the behavior of the whole system in steady-state and tran-
sient operating conditions.

1. DESCRIPTION OF THE CONTROL SYSTEM

The behavior of the PCS is determined by three regula-
tors, as represented in the block diagram shown in Fig. 2.
The first regulator controls the energy stored in the super-
conducting magnet, the second one the dec-link voltage, and
the third one the VSI ac currents. The analytical develop-
ments are carried out by representing the three-phase
quantities with space vectors, according to a stationary d-q
transformation {15].

In both control strategies, the reference value for the

* . .
magnitude of the source current vector /¢ is obtained by

the regulator R,. This regulator acts on the instantaneous
error between the reference value of the energy stored in

the Superconducting Coil (SC) E_;C , and its actual value

Egc ., being Ege = Lgel3c .
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Fig. 1. Schematic drawing of the PCS structure.
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The PWM current chopper performs the control of the
dc-link voltage by means of the regulator R,, keeping V.

close to its reference value VC' . In this way the energy
stored in the capacitor is nearly constant and the active
power flows directly from the Point of Common Coupling
(PCC) to the SC, with exception of losses in converters and
inductors.

The filter output currents are regulated by the VSI. The
ac current control system requires the measurement of the

load and filter currents 7, and I . The load current is used
to calculate the reference value of the filter current 7, ,; ,on
the basis of the reference source current z-'; , given by the
SC energy regulator, as follows ip =7£ ~i,. The value

obtained for i, is the VSI input command and can be util-

ized to implement either hysteresis or PWM current regu-
lators. A hysteresis current regulator acting on the instanta-

T ik nd
neous current error Aip =ip —i; can be employed to de-

termine the inverter switch states Sy, Sg, Sc. Alternatively, a
PWM current regulator can be used avoiding the draw-
backs of hysteresis current controllers. In this case, the ref-
erence voltage for the inverter can be calculated by the
voltage equation written across the link inductance L. Ne-
glecting the resistive effects, and introducing a variational
model, this equation yields ’

Vi =is—im}.

II1. PCS BASICEQUATIONS

The instantaneous output power of the PCS equals the
difference between the instantaneous power required by the
load and the instantaneous power delivered by the source.

The instantaneous output power of the PCS can be ex-
pressed by the following scalar product

>
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Fig. 2. Block diagram of the PCS control scheme.

540

Pr= %‘—’s Ip ¢
In (1) and in the following equations, the subscript 7 de-
notes PCS quantities.
In order to show the effects of the PCS on source cur-

rents, (1) can be rewritten as
3= b T
Pr =_2-vS'(IS_lL) @

In (2) the source voltage and the load current are given
quantities whereas the source current depends on the PCS
mode of operation.

In steady-state conditions, the instantaneous output
power of the PCS can be represented by the sum of a dc
component pp, and an alternating component pr, ac-
cording to
Pr =Pg, + Pr 3

In steady-state conditions the average value of the power
delivered by the PCS is zero, and the average value of the
source power equals the average value of the load power.

Then, the basic equation describing the steady-state
power flow through the PCS is

Pr, =0 @

In the next Section, Eq. (4) is further developed for dif-
ferent operating conditions.

IV. PCS OPERATION UNDER BALANCED VOLTAGES

When the source voltages are balanced, the correspond-
ing space vector can be expressed as

vy =¥y e/ G)
In (5) and in the following equations the capital letters
represent constant quantities.
In general, non-linear and unbalanced loads determine

unbalanced non-sinusoidal load currents, which can be ex-
panded in complex Fourier series as follows

= X1, &t ©6)

In the same way the source current vector can be ex-
pressed as

ig= st,, e/t @)
k=—o

Substituting (5), (6) and (7) into (2) leads to

Pr =—3'I7Sx o [ i(is, ‘7Lk)"jkwt} &)

k=—co
By developing (8) it is possible to determine pg,, and
substituting its expression in (4) yields

3
Py, =375 {15,-1,)=0 ©)

This simple equation represents a constraint for the
source current fundamental component and must be taken
into account when defining the reference value of the
source current in the SC energy control loop.



V. PCS CONTROL STRATEGY UNDER
BALANCED VOLTAGES

The basic principle of the control system is to impose si-
nusoidal source currents, in phase with the corresponding
line-to-neutral source voltages. According to this principle,
the source current vector can be expressed as

(10)

where the constant 4 must be defined to satisfy Eq. (9).
In this way the source currents are balanced and sinusoi-
dal, as in the case of a pure resistive load.
Substituting (10) in (9) and solving for A yields
~2

s,
Vs, I,

A (11)

This equation could be utilized to calculate the value of
A, once the source voltage and the fundamental component
of the load current are known. In the control scheme repre-
sented in Fig. 2, the opportune value of 4 is determined
through the action of the regulator R;.

VI. PCS OPERATION UNDER UNBALANCED VOLTAGES

When the source voltages are unbalanced, the corre-
sponding space vector can be expressed in terms of posi-
tive and negative sequence components as

V=V, & Vg e (12)

oo

By developing (13), it is possible to determine pj,, and
Eq. (4) becomes

- (- - — = -
Pr, =;[Vs, ‘(15, _1L1)+VS_1 '(Is,, ‘IL_.)]=0

This equation is equivalent to (9) in the case of unbal-
anced supply voltages. Here the constraint is applied to
both the positive and negative sequence fundamental com-
ponents of the source current.

In these operating conditions, the determination of a
control strategy is not so immediate as in the case of bal-
anced supply voltages. In the next Section, two possible
control strategies are presented and discussed.

Substituting (12), (6) and (7) into (2) leads to

3r— jwt | 77 —jwt N 7 jkwt
pF=-2-[VS‘eJ 7y e YT, -1, )¢

-y
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VII. PCS CONTROL STRATEGIES UNDER
UNBALANCED VOLTAGES

A. Strategy I

The basic principle is to impose sinusoidal source cur-
rents, characterized by a space vector having constant
magnitude and in phase with the positive sequence funda-
mental component of the source voltage. This control strat-
egy can be represented by the following equation
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T 17:5'1 eja" (15)
fo =
S AI
Substituting (15) in (14) and solving for 4’ yields
2
’ IVS1 I
A= (16)

Vs, "Iy Vs 1,
The value of 4’ could be calculated by (16), but this
equation would require a large computational time for the
implementation. In the control scheme of Fig. 2, the value

of 4’, and then the magnitude of the source current vector,
is set directly by the regulator R;. The implementation of

Strategy I requires the estimated value 17:9[ of the positive

sequence fundamental component of the source voltage
vector, according to (15). For this purpose, it can be noted
that the negative sequence fundamental component and the
harmonic components of the source voltages have zero dc
value in a synchronous reference frame. Then, by applying
an opportune low-pass filter to the source voltage vector in
a synchronous reference frame, it is possible to extract the

value of l_/__g] . In this paper, in order to improve the estima-

tion of ’?sl , a second order low-pass filter has been used.

The behavior of the low-pass filter can be expressed in
terms of d and q variables by the following equations

75 ) s%e{ﬁ):a:;—s)z—me(v;) an
sm(?sj)zsn,(%;])=(—l—+—tl—s)—2—s»4;;) as)

In (17) and (18) the superscript ° denotes quantities in
the synchronous reference frame. Eqs. (17) and (18) can be
rewritten in the stationary reference frame leading to

1

=vg =

v, e — 7 (19)
: (1475~ jor)
By measuring the instantaneous values of the source
voltages and applying the d-q transformation, it is possible

to calculate vg. Then, by using (19) the value of

I_/;‘ ¢/ can be readily estimated and utilized to modulate
the output of R;.

B. Strategy II

The basic principle is to impose a source current vector
in phase with the source voltage vector, and with a magni-
tude proportional to that of the voltage vector itself. This
means that the load is conditioned to behave as a pure re-
sistive load. The control strategy so defined can be repre-
sented by the following equation

. iot -jot
Vsl € +VS', [

- Vs 0)
log=—T"=
ST Ry, Ry,
Substituting (20) in (14) and solving for R, yields
— 12 1= )2
Vel +1Vs
R, == ls_’l [_S"|_ 1)
1



This equation is equivalent to (16) of Strategy 1 . In this
case also it is possible to use the regulator R, to determine
the reference value for the source current. The difference
between Strategy I and Strategy Il is that in the first case

the output of R, is modulated by Vg = VS, ¢/’ , whereas in

the second case the output of R; is modulated by vg .

C. Comparison between Strategy I and Strategy II

With reference to the possibility to implement the two
control strategies on a DSP based controller, it can be
noted that Strategy II is more simple because it does not
require the calculation of the source voltage positive se-
quence through the low-pass filter.

In the case of balanced source voltages the two control
strategies behave in the same way, determining for a given
load the same source currents.

In the case of unbalanced source voltages, according to
(15) and (20), the two control strategies determine source
currents which are balanced sinusoidal using Strategy I,
and unbalanced sinusoidal using Strategy II. It can be
noted that, in some cases, unbalanced source currents could
be preferred to balanced source currents. As an example,
let us to consider the unbalance introduced by an overload
condition of one network phase, causing a decrease of the
corresponding line-to-neutral source voltage. In this case,
Strategy II imposes sinusoidal currents with a lower am-
plitude in the overloaded phase.

A further comparison can be developed with reference to
the instantaneous value of the source power, that can be
expressed as

. 3_ -
Ps=3Vs ls (22)

In the case of Strafegy I, substituting (12) and (15) in
(22), leads to

AN ] -

Pl =
STox
Taking (16) into account, (23) becomes
3 - o - Ve .
I - —-j2ot
pS:;(VS1 Iy Vs, 'IL_.) 1+ R, T‘e / (24
1

As it could be expected, the instantaneous source power
is composed of two terms. The first one is constant and the
second one is pulsating with angular frequency 2w.

In the case of Strategy II, substituting (12) and (20) in
(22) leads to

3 (112 1— 12 —
ol =—UV5 |+ | w23 (7, 75 e”“")} 25)
2 Req 1 -1 1 -1

Taking (21) into account, (25) becomes
3/ - Ve Vs .
pé’:;(VSl~ILl+Vs_‘-1L_‘ 1429, | ——pt /2
AR
1 -1

(26)
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By comparing (24) to (26), it appears that under unbal-
anced source voltages the constant term of the source
power is the same for both strategies, whereas the pulsating
term is greater using Strategy 1.

VIII. SIMULATIONRESULTS

In order to verify the performance of the PCS, two dif-
ferent circuit models have been implemented using PSpice.

The first model considers both the inverter and the
chopper as ideal converters, that is the switching effects are
neglected. Under this assumption the electrical quantities
are represented by their averaged values. This simplified
model requires very low computational times (few tens of
seconds) and it has been employed to tune the regulators
parameter.

The second model is implemented considering the power
IGBT as ideal switches, that is with instantaneous lossless
commutations. In this case the electrical quantities obtained
by the numerical simulations are expected to be very close
to the corresponding real quantities because of the presence
of the switching effects.

The numerical simulations have been carried out with
reference to a 380V, S50Hz three-phase supply system. The
source impedance has been represented by series R-L pa-
rameters.

A. Steady-state performance

By means of the second model, four significant cases
have been investigated emphasizing the system behavior in
different operating conditions. The corresponding numeri-
cal results have been represented in terms of vector loci in
the d-g plane and are shown from Fig. 3 to Fig. 6. The
vectors shown in these figures represent the electrical
quantities at the same time instant. In this way, the phase
angle relationships are emphasized.

B. Case 1

In this case the operating conditions are characterized by
balanced supply voltages and unbalanced load (20% nega-
tive sequence). Fig. 3 shows the loci of the source voltage

Vg, source current ig, load current i, and filter current

ir , obtained using either Strategy I or Strategy II.

The PCS delivers the fundamental reactive component of
the load current, as well as the negative sequence compo-
nent. Being the supply voltage balanced, the negative se-
quence component of the load current is fully supplied by
the PCS. Then, the loci of the source voltage and current
are circular whereas the loci of the filter current and load
current are elliptical.

C. Case 2

In the second case the operating conditions are charac-
terized by balanced supply voltages and non-linear load (3-
phase diode rectifier). Fig. 4 shows the voltage and current
loci obtained using either Strategy I or Strategi 11.

Owing to the active filtering capability of the PCS, the
source current vector locus is close to a circle. This means
that the source currents are almost sinusoidal despite of the
non-linearities of the load.



D. Case 3

In the third case the operating conditions are character-
ized by an unbalanced supply voltages (20% negative se-
quence) and balanced load. Fig. 5 shows the voltage and
current loci obtained using the Strategy I1I.

In this case the source line currents are proportional to
the corresponding source line-to-neutral voltages. Then, the
source voltage and current vectors describe two similar el-
lipses. This means that the unbalance degree of the source
voltages is directly reflected on the source currents.

E. Case4

In this case the operating conditions are the same as in
Case 3, but Strategy I is used instead of Strategy II. Fig. 6
shows the voltage and current loci obtained by numerical
simulations.

Owing to the features of Strategy I, the resulting source
currents are balanced and sinusoidal. The PCS behaves as
an active filter compensating at the same time the negative
sequence current component and the reactive power of the
load. The source current vector is in phase with the source
voltage positive sequence component, and oscillates
around the source voltage vector.

F. Transient performance

The dynamic behavior of the PCS has been tested during
the switching-on and switching-off of the load. The oper-

Fig. 5 - Voltage and current loci related to Case 3.
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ating conditions are characterized by balanced supply volt-
ages and unbalanced load as in Case 1. Fig. 7 shows the
simulation results obtained. Straregies 1 and Strategy I/
lead to the same results, being the supply voltages bal-
anced.

Figs. 7a and 7b show the source currents ig,, is and is.
and the load currents iz, i, and J;.,. Due to the presence of
the PCS, the source currents are balanced showing smooth
amplitude variations in response to step variation of the
load currents. This behavior is particularly significant for
the reduction of flicker effects.

Fig. 7c shows the dc-link voltage V.. The regulator R,
ensures small voltage variations, even with 100% load
changes. The 100 Hz voltage oscillation is related to the
pulsating instantaneous power required to balance the load
currents.

Fig. 7d represents the behavior of the superconducting
coil current Igc. The SC delivers energy during the load
switching-on transient. This energy is recovered by the SC
during the load switching-off transient, allowing the SC
current to restore its rated value. The small oscillations of
the SC current are introduced by the PCS operation for
compensating the instantaneous pulsating power demanded
by the unbalanced load. In this energy exchange process
the capacitor is not involved being the dc-link voltage
practically constant.

Fig. 6 - Voltage and current loci related to Case 4.



Figs. 7e, 7f, and 7g show the instantaneous power ab-
sorbed by the load p;, supplied by the source pg, and ab-
sorbed by the filter pg, respectively. The 100 Hz fluctua-
tions of p; (Fig. 7e) are due to the load unbalance. These
oscillations are compensated by the PCS, leading to the
smooth instantaneous source power ps shown in Fig. 7f.
The compensating instantaneous power absorbed by the
PCS is shown in Fig. 7g.

IX. CONCLUSIONS

A control scheme for power conditioning systems, in
which a u-SMES is employed for energy storage, has been
analyzed in this paper.

The main feature of the proposed power conditioning
system is the possibility to solve simultaneously several
power quality problems. This feature cannot be completely
achieved in presence of unbalanced supply voltages if suit-
able control strategies are not employed.

In this paper, two control strategies which allow good
performance to be obtained, even with unbalanced supply
voltages, have been presented and discussed. The first one
determines sinusoidal and balanced source currents. The
second one determines sinusoidal source currents with the
same unbalance of the source voltages.

These strategies have been compared emphasizing ad-
vantages and disadvantages in different operating condi-
tions.

Several numerical simulations have been carried out for
the two control strategies, showing their capability for
power quality improvement when non-linear and pulsating
loads are connected to the network.
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