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Abstract—This paper presents a superconducting magnetic
energy storage (SMES) based dynamic voltage restorer (DVR)
to protect consumers from the grid voltage fluctuations. Due to
the characteristic of high energy density and quick response, a
superconducting magnet is selected as the energy storage unit to
improve the compensation capability of DVR. This paper analyses
the operation principle of the SMES based DVR, and designs the
DVR output voltage control method. The control system mainly
consists of two parts, the PWM converter controller and the
DC/DC chopper controller. The PWM converter controller adopts
double-loop control strategy, with an inner current regulator and
an outer voltage controller. Combining the coordinated control of
DC/DC chopper, the DVR can regulate output voltage accurately
and quickly to compensate the system voltage fluctuations. Using
MATLAB SIMULINK, the models of the SMES based DVR is
established, and the simulation tests are performed to evaluate the
system performance.

Index Terms—DVR, series PWM converter, SMES, voltage fluc-
tuation compensation.

1. INTRODUCTION

UPERCONDUCTING MAGNETIC ENERGY

STORAGE (SMES), characterized by its highly efficient
energy storage, quick response, and power controllability,
is expected to contribute to high-quality power of the
power systems. The researches on SMES for power quality
improvement mainly have two methods. One is utilizing SMES
as an uninterruptible power supply (UPS) to protect sensitive
loads [1], [2]. The SMES-UPS needs to compensate full power
for the load, which requires large capacity converters and
energy storage units. The other method is connecting SMES
in parallel with the system and compensates system voltage
fluctuation [3]. The parallel compensation method controls
the system voltage indirectly through regulating the injecting
current of SMES. The compensation capability is influenced
by the system short circuit capacity and the location of SMES.
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For the dynamic voltage fluctuation compensation, the dy-
namic voltage restorer (DVR) which uses a series-connected
topology is a more cost-effective solution. The basic operating
principle of a DVR is to insert a voltage of required magnitude
and phase in series with a distribution feeder to maintain the de-
sired amplitude and waveform for the load voltage. Moreover,
the compensation capability is sensitive to the load level, and
is independent of the system short circuit capacity and the in-
stallation position. To improve the compensation capability of
DVR, such as the large amplitude or long duration voltage fluc-
tuation, the energy storage unit is essential to supply the power
transfer during the voltage compensation [4]. In this paper, a su-
perconducting magnet is introduced as the energy storage unit
of the DVR. Firstly, the operation principle of the SMES based
DVR is analysed. Secondly, the voltage compensation control
method is designed. Then, the dynamic response of the SMES
based DVR is evaluated using MATLAB simulation.

II. ToPOLOGY AND MODEL OF THE DVR

The basic topology of SMES based DVR is shown in Fig. 1.
The DVR consists of three single-phase series transformers, a
PWM converter, a DC chopper and a superconducting magnet
(SC). Generally, the PWM converter adopts controllable
switching device, which can control the active and reactive
power transfer in four quadrants quickly and independently.
The output of the converter is filtered by LC-filters in order to
reduce the influence from the high switching frequency. Due
to the inherent current source characteristic of the magnet, a
DC/DC chopper is adopted to regulate the voltage across the
magnet to satisfy the required power transfer. The DC chopper
significantly decouples the superconducting magnet from the
power system and protects the magnet from the disturbances of
the power system.

A. Series PWM Converter

The mathematical model of the series PWM converter in syn-
chronous rotating coordinates is given by (1):

di , ,
Lt = —Rigg + wliyg + w124 — Ut

diy . .
L= = —Riyg — wlitg + u124 — Usq

du . .
C1532 = tg — g + wCru124

d’u12 N .
Cl—dt 1 = tqg — ttq — a)Cﬂ,Lle

ey

where w is the angular frequency of source voltage at AC side
and it is also the synchronous rotating frequency of d-q axis. In
the synchronous rotating d-q frame, the d axis is directed in line
with the source voltage vector. The current components in d axis
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SMES-based DVR

Fig. 1. Basic topology of the SMES based DVR.

and q axis (¢4 and 7,) can be defined as the active component and
reactive component of the current, respectively.

To improve the dynamics of controller, the active power bal-
ance between AC side and DC side must be considered in the
power control. The dynamic active power balance can be ex-
pressed as:

Pac = Pde + Ploss (2)

where pj,ss includes the switching and conduction loss in the
converter and the chopper. The power loss becomes positive
when the power is transferred from the AC system to the super-
conducting magnet, otherwise, the power loss is negative. Then,
(2) can be rearranged as:

dudc 3 3

Cudc? = iusdid + iusqiq — Pchopper F Ploss

where penopper 1s the power transfer between the magnet and
the series converter.

3)

B. DC Chopper

In the process of voltage compensation, the DC chopper is uti-
lized to control energy transfer of the superconducting magnet.
The DC chopper has two basic operation modes.

1) Charging mode. The DC chopper absorbs active power
from AC side and charge the superconducting magnet. In
this mode, G1 is on at all times, and G2 is alternately on
and off during each chopper cycle. When G2 is on for D
(duty cycle) per unit time, the magnet is charged from the
DC link through G1 and G2 in series. When G2 is off, the
magnet current is bypassed through G1 and D1.

2) Discharge mode. The DC chopper delivers active power to
AC side and discharge the superconducting magnet. In this
mode, Gl1 is off at all times, and G2 is alternately on and
off during each chopper cycle. When G2 is on for D per
unit time, the magnet current is bypassed through G2 and
D2. When G2 is off, the magnet discharges to the DC link
through D1 and D2 in series.

Adopting the state space averaging method, the mathematical
model of the DC chopper can be described as:

_Disc + idc
(1 - D)Z’SC + idc

charge state

duac
{ @

C d% discharge state

According to the dynamic active power balance of the con-
verter represented by (3), the model of DC chopper can be de-
duced as:

charge state
discharge state

{pchopper = Dugctse (5)

Dchopper = (1 - D)udcisc

III. CONTROL SYSTEM

The control system of SMES based DVR has three parts: (1)
voltage compensation control, which detects the voltage fluc-
tuation and generates the reference voltage for compensation;
(2) series converter control, which controls its output voltage
according to the reference voltage for compensation; (3) DC
chopper control, which regulates the power transfer of the su-
perconducting magnet in coordinated with the voltage control
of the PWM converter.
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A. Voltage Compensation Control

For dynamic voltage compensation, the accuracy and promp-
titude of voltage fluctuation detection is the important premise.
To achieve this, the instantaneous power theory is adopted. As
to the generation of the reference voltage for compensation,
different control methods have been proposed, such as pre-sag
compensation, in-phase compensation, minimum energy com-
pensation, and optimized energy compensation [5], [6]. The
pre-sag compensation can reestablish the exact voltage before
fluctuation, which maintains the amplitude and phase of load
voltage. The other methods mentioned above will lead to a
certain phase jump at the load side and the possible tripping
of sensitive load. So, the pre-sag compensation is adopted to
design the control system of the SMES based DVR.

B. Series Converter Control

The series converter is a typical second-order system, which
adopts the AC output current of converter as the intermediate
control variable. So, the series converter model can be regarded
as two cascaded first-order systems. One first-order system
shows the dynamics between the source voltage and the AC side
input capacitors, which can be denoted as systeml. The other
first-order system shows the dynamics between the AC side
input capacitors and the AC side output of the converter, which
can be denoted as system?2. Using the discretization-based de-
coupled state-feedback control method [7], the control equation
of series converter can be designed in the form:

System 1,

o) = Lo - 7 [t 2
o I Nl T

where (k) is sample time point of the control system, and
(k + 1) is the next sample time point. T, is the discretiza-
tion time constant of system 1.

System 2,
[Ziiﬁiiiﬂ = [j‘:gﬁigg] [R;LT% R—_w%}
[t ] o

where T is the discretization time constant of system 2.
As the second stage of the two cascaded system, the sample
time point of its control system is delayed by one sample
period. So, the sample time points of the control system 2
are denoted as (k + 1) and (k + 2).
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C. DC Chopper Control

According to the mathematical model of DC chopper, the dy-
namic active power balance based control equation can be ex-
pressed as:

C’lde(k + 1)udc(k + 1); udc(k + 1)
3 ) .
= usa(k)ia(k) + usq(k)zq(k)
pchopper(k) + ploss(k) (8)
Pehopper (k) = D(k)uge(k)isc(k) charge state
Denopper(K) =(1 — D(k)) uge(k)isc(k) discharge state
)]

According to above analysis, the control system is designed,
as shown in Fig. 2. The voltage compensation section detects
the voltage fluctuation and generates the reference voltage for
compensation (uj,, and uj,,). Based on the control equations
of the two cascaded system represented by (6) and (7), the con-
trol system follows the reference voltage, and generates the con-
verter AC output voltage (u;q and us,). With the Sinusoidal
Pulse Width Modulation (SPWM) algorithm, the SPWM signals
can be obtained to control the operation of converter, and the
compensation voltage in series with the distribution feeder can
be controlled to comply with the power quality requirement. The
DC chopper control is accomplished base on (8) and (9), and the
active power balance between the superconducting magnet and
the AC system can be maintained, which ensures the dynamic
response of the voltage regulation.

IV. PARAMETER DESIGN

The energy storage unit is relatively expensive, but for certain
voltage fluctuation, it may be necessary. This refers especially
to the cases when terminal supply voltage fluctuation exceeds
440%. On defining the variation factor of the terminal-supply
voltage as

Urated - US

k =
Urated

(10)

where U, 44 is the rated load voltage in normal state, Ug is the
terminal supply voltage. Supposing the duration of the voltage
fluctuation is T'. The energy variation during the compensation
of DVR is given by

E=Fk -Ueatea-Ir-T=Pr-k-T (11)
where I7, is the rated load current and P, is the rated load power.

To illustrate the relationship between the energy variation
during compensation and the scope of the voltage fluctuation, a
numerical example is adopted. Supposing a 380 V distribution
system has a maximum load of 15 kVA. The DVR is designed
to protect loads from a £50% voltage fluctuation with maximal

duration of 500 ms. According to (11), the energy variation can
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Fig. 2. Block diagram of the DVR controller.
TABLE I
DESIGN PARAMETERS L T(s) with SC
— — — without SC
Item Parameters
Source voltage 380V, 50 Hz 2.5F
Converter rating power 8 kVA o}
Switching frequency of converter SkHz
Filter inductor L 6 mH Lsr
Filter capacitor C; 4 uF 1F \
DC link capacitor 9400 u F /{)5 i \
DC rating voltage 400V - -~ ~——
—T T 1 A 1 1 i e -
Switching frequency of chopper 10 kHz 05 -04 -03 -02 01 0 01 02 03 04 05 f
SC rating energy storage 12.5kJ
SC inductor 259 Fig. 3. The comparison of the compensation scope for a DVR with and without

reach to £5 kJ in the process of dynamic compensation. Con-
sidering the current carrying level of the high temperature su-
perconducting tapes, the rating current of the magnet is selected
as 100 A. According to the above condition, the rated energy
storage capacity of the magnet is designed at 12 kJ, with an
inductance of 2.5 H. When the DVR is in a standby state, the
current of the superconducting magnet is maintained at 75 A,
which ensures the magnet could absorb or release sufficient en-
ergy. The detail parameter of the SMES based DVR is shown in
Table 1.

the superconducting magnet.

Adopting the superconducting magnet as the energy storage
unit and the compensation scope of the DVR is shown in Fig. 3.
The abscissa denotes the amplitude of voltage fluctuation and
the ordinate denotes the maximum duration of compensation. It
can be seen that the compensation time can reach 2.5 s in the
condition of +£10% system voltage fluctuation.

If the voltage fluctuation is short lived, it is usually enough
to apply a DVR arrangement without energy storage unit, for
which a variable DC voltage is characteristic. The relationship
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Fig. 4. Dynamic compensation for voltage sag.

between the DC voltage and the AC output voltage of converter
can be presented as

Ude
U12 = kUrated = =

2V/2

For example, to compensate voltage sag of —50%, the DC
voltage must be higher than 310 V. Otherwise, the voltage sag
can not be compensated completely. For voltage swell, the com-
pensating ability is restricted by the voltage-proof level of the
DC capacitor. If the maximum voltage of the DC capacitor is
set at 600 V, the compensation scope is represented as dashed
line in Fig. 3. Adopting the superconducting magnet as the en-
ergy storage unit, the compensation capability of the DVR can
be improved considerably.

(12)

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 20, NO. 3, JUNE 2010

V. SIMULATION RESULTS

To evaluate the performance of the SMES based DVR, a se-
ries of simulation is carried out using MATLAB. The system
parameters are derived from Table I.

During the simulation, a three-phase voltage sag is simulated.
The grid voltage drops to 50% of its nominal value at 0.1 s, and
the DVR starts to operate (Fig. 4). Fig. 4(b) is the load voltage
after compensation. It can be seen that the load voltage can be
compensated within 4 ms. Fig. 4(c) is the output voltage of the
DVR in series with the system, the harmonic component of is
very low and the total harmonic distortion is within 5%. To com-
pensate the voltage sag, the superconducting magnet is in dis-
charging state, and the voltage across the magnet is negative.
The DC side capacitor voltage can be maintained about 400 V,
as shown in Fig. 4(d). The duration of voltage sag is 0.1 s, and
the magnet delivers about 750 J of energy. The magnet current
drops from 75 A to about 71 A, as shown in Fig. 4(e).

To compensate the voltage swells, the superconducting
magnet is in charging state, and the voltage across the magnet
is positive. The active power is transferred from the AC system
to the magnet, and the system voltage swell can be limit to
ensure the constant load voltage.

VI. CONCLUSION

This paper presents the SMES based DVR to compensate
voltage fluctuations. It can compensate long term voltage fluc-
tuation. Based on the mathematical model of the DVR system,
the control topology and algorithm are designed. Simulation re-
sults illustrate that the superconducting magnet can effectively
increase the compensation capability of DVR, compared to the
compensation performance by a DC capacitor.
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