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Abstract—This express brief presents a nonlinear active
and reactive power control for a superconducting magnetic
energy storage (SMES) system connected in three-phase dis-
tribution networks using pulse-width modulated current-source
converter (PWM-CSC). The passivity-based control (PBC) theory
is selected as a nonlinear control technique, since the open-loop
dynamical model exhibits a port-Hamiltonian (pH) structure.
The PBC theory exploits the pH structure of the open-loop
dynamical system to design a general control law, which pre-
serves the passive structure in closed-loop via interconnection
and damping reassignment. Additionally, the PBC theory guar-
antees globally asymptotically stability in the sense of Lyapunov
for the closed-loop dynamical system. Simulation results in a
three-phase radial distribution network show the possibility to
control the active and reactive power independently as well as
the possibility to use the SMES system connected through a
PWM-CSC as a dynamic power factor compensator for time-
varying loads. All simulations are conducted in a MATLAB/ODE
package.

Index Terms—Superconducting energy storage system (SMES),
distribution networks, passivity-based control (PBC), pulse-width
modulated current-source converter (PWM-CSC).

I. INTRODUCTION

SUPERCONDUCTING magnetic energy storage (SMES)
technology is one of the most promissory energy storage

technology, due to its high charge/discharge capability, high
energy density and low useful life degradation per cycle of
operation, among others [1]. The SMES system is composed
by a superconducting coil which is cooled near to absolute
zero Kelvin in order to reduce the resistive effect in coil as
presented in Fig. 1. The interconnection of the SMES system
to the electrical networks requires a power electronic con-
verter [2], [3]. The converter allows to control the total energy
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Fig. 1. Typical connection of a SMES system.

stored in the superconducting coil at the same time that permits
to control the reactive power interchange between the forced-
commutated devices and the AC grid [2]. In this context, there
exist possibles power electronic converter technologies that
permit to integrate the SMES system to the AC grid. In the
first place, it can be used a line-commutated converter (LCC)
based on thyristor technology [2]. This technology is not an
appropriated option due to that requires active power to feed
the thyristor devices, which implies the impossibility to con-
trol the reactive power interchange between the converter and
the AC grid. Additionally, the LCC produces high harmonic
distortion and high active power losses by commutation [2]. In
the second place, the SMES system can be integrated by using
a voltage source converter (VSC) based on IGBT technology;
this converter allows fourth quadrant operation with the active
and reactive power control independently [4]. It also produces
low harmonic distortion; nevertheless, this interconnection
requires a DC/DC converter connected in cascade mode with
the VSC in order to control the current in the superconduct-
ing coil, which reduces the reliability of the system and the
same time that increases the commutation losses [2]. Finally, in
third place the SMES system can be integrated using a pulse-
width modulated current-source converter (PWM-CSC) based
on IGBT technology [2]. The PWM-CSC allows to control
the active and reactive power interchange independently with
low harmonic distortion. Moreover, it permits to control the
superconducting coil current directly, which it does not require
additional converters in the DC side increasing the reliability
of the whole system [2].

Multiple strategies to control SMES systems can be
found in the specialized literature, such as linear con-
trol by state-feedback [5] and classical proportional-integral
controllers [6]–[10], model predictive [11] and fuzzy
logic control [12]–[14]. Notwithstanding, the SMES system
interconnected with power electronic converter is a nonlin-
ear dynamical system, and there exists few nonlinear control
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Fig. 2. Circuital connection between a SMES system and the three-phase
electrical network.

strategies applied on it [15], [16]. Further, none of these con-
trollers guarantee global stability conditions in closed-loop
which is proposed in this brief. To the best knowledge of
the authors’, there exists only one passivity-based control
(PBC) approximation to operate a three-phase SMES system
in microgrids [17]. Nevertheless, the control presented in that
work does not allow to control the active and reactive power
independently as is proposed here.

The main contribution of this brief is the possibility to
control the active and reactive power independently in a
SMES systems connected through PWM-CSC to the AC
grid for distribution applications. A PBC theory is selected
as control technique since it allows a nonlinear controller
design that guarantees global asymptotic stability conditions
in closed-loop.

II. DYNAMICAL MODEL

The electrical connection for the SMES system presented
in Fig. 2 can be modeled as five ordinary nonlinear differ-
ential equations by applying Kirchhoff’s laws in the AC side
of the converter and the Tellegen’s theorem in both sides of
the converter [17]. These differential equations are presented
as follows using the dq reference frame via Park’s transfor-
mation. Notice that the superconducting coil resistance is not
considered because the refrigeration system reduces this effect
near to zero values.

LT
d

dt
id = −RTid − ωLTiq + vd − ed,

LT
d

dt
iq = −RTiq + ωLTid + vq − eq,

C
d

dt
vd = −id − ωCvq + mdidc,

C
d

dt
vq = −iq + ωCvd + mqidc,

LSC
d

dt
idc = −mdvd − mqvq, (1)

where ed and eq are the direct and quadrature voltages val-
ues of the AC equivalent node, LT and RT are the inductance
and resistive parameters of the transformer, ω is the electrical
frequency of the AC equivalent node, id and iq are the direct
and quadrature current signals through of the transformer, LSC
corresponds to the inductance value of the superconducting
coil device and idc is the DC current flowing between their
terminals. Finally, md and mq are the direct and quadrature
modulation indexes which correspond to the control signals.

The dynamical model defined by (1) can be represented as
a port-Hamiltonian (pH) system defining the following state
variables: x1 = LTid, x2 = LTiq, x3 = Cvd, x4 = Cvq and

x5 = LSCidc as shows:

ẋ = [J (u) − R]∇H(x) + E, (2)

where x are the state variables, u corresponds to the control sig-
nals (md and mq), J (u) represents the interconnection matrix,
R is the dissipation matrix, E are the external inputs and H(x)
corresponds to the Hamilton function known as energy storage
function of the system. With the aforementioned conditions,
it is important to mention that the dynamical system given
by (2) is a passive dynamical system [18], [19].

All terms in (2) can be easily obtained by comparison
with (1). These terms are defined as follows:

J (u) − R =

⎡
⎢⎢⎢⎣

−RT −ωLT 1 0 0
ωLT − RT 0 1 0
−1 0 0 −ωC md
0 −1 ωC 0 mq
0 0 − md − mq 0

⎤
⎥⎥⎥⎦,

H(x) = 1

2LT

(
x2

1 + x2
2

)
+ 1

2C

(
x2

3 + x2
4

)
+ 1

2LSC
x2

5,

E = −[ ed eq 0 0 0
]T

. (3)

Notice that ∇H(x) in (2) corresponds to the gradient
operator applied over the Hamiltonian function H(x).

III. PASSIVITY-BASED CONTROL FRAMEWORK

The PBC allows to obtain a general control law that can
be applied on linear/nonlinear autonomous/non-autonomous
dynamical systems, modeled as Hamiltonian systems, known
in specialized literature as pH systems [20]–[22]. The main
idea of a PBC design is to transform an open-loop dynamical
system in a closed-loop dynamical system via modification of
the dynamic structure of the system [23], [24].

In general way a closed-loop formulation uses the
Hamiltonian function and interconnection and damping matri-
ces to obtain the desired dynamical behavior of the state
variables [17]. This calculation is presented as follows:

ẋ(t) = [JD − RD]∇HD(x), (4)

where JD and RD correspond to the desired interconnection
and damping matrices, HD(x) is the desired Hamilton func-
tion and x is the desired dynamic closed-loop. Additionally,
JD is antisymmetric defined (JD = −JDT) and RD is
a positive-definite matrix (RD � 0). Taking into account
these definitions the desired dynamical systems is globally
asymptotically stable in the sense of Lyapunov [25].

The design of a controller using Interconnection Damping
Assignment-Passivity-Based Control (IDA-PBC) formulation
has three degrees of freedom to determine JD, RD and
HD [21], [26].

The general control law for the dynamical system is
obtained by comparison between open-loop and closed-loop
formulations shown in (2) and (4), which produces:

[JD − RD]∇HD(x) = [J (u) − R]∇H(x) + E . (5)

The control input can be obtained solving the set of
equations from (5) [25].
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IV. CONTROL DESIGN

The PBC technique is employed to design the controller for
the SMES system with PWM-CSC. We select this strategy,
since the open-loop dynamical system has a natural pH rep-
resentation which simplifies the control design in closed-loop;
additionally, it is possible to guarantee global asymptotically
stable operation under this design [21].

Considering the open-loop Hamilton system presented
by (2) and (3). We select the following desired interconnection
and damping matrices, and the Hamilton desired energy stor-
age function preserving the structure presented in (3) in
closed-loop, as follows:

JD − RD = −

⎡
⎢⎢⎢⎣

R1 0 k13 0 0
0 R2 0 k24 0

−k13 0 R3 0 0
0 −k24 0 R4 0
0 0 0 0 R5

⎤
⎥⎥⎥⎦,

HD(x) =

⎛
⎜⎜⎝

1
2LT

((
x1 − xr

1

)2 + (
x2 − xr

2

)2)

+ 1
2C

((
x3 − xr

3

)2 + (
x4 − xr

4

)2)

+ 1
2LSC

(
x5 − xr

5

)2

⎞
⎟⎟⎠. (6)

Notice that Ri > 0 i = 1, 2, . . . , 5, and xr
i , i = 1, 2, . . . , 5

are the reference values of the state variables defined as fol-
lows: xr

1 = LTird, xr
2 = LTirq, xr

3 = Cvr
d, xr

4 = Cvr
q and

xr
5 = LSCirdc; additionally, {k13, k24} ∈ R.

The desired Hamiltonian function HD(x) has a global mini-
mum in xr

i , i = 1, 2, . . . , 5, which implies that the closed-loop
dynamical system is globally asymptotically stable at this
desired point of operation.

To obtain a general control law are solved the third and
fourth rows in (5) which produce:

md = 1

idc

(
id − R3

(
vd − vr

d

)+ k13
(
id − ird

)− Cωvq
)
,

mq = 1

idc

(
iq − R4

(
vq − vr

q

)
+ k24

(
iq − irq

)
+ Cωvd

)
. (7)

The control laws (7) are algebraic equations and integral cal-
culations are not required in their implementation. This shows
that the proposed control has low computational complexity.

To control the active and reactive power independently,
it is necessary to find the relation between the active and
reactive power with the AC grid voltage and the AC cur-
rent through the three-phase transformer. This relationship is
presented below [17]:

ird =
(

1

e2
d + e2

q

)(
edpr

acα + eqqr
ac

)
,

irq =
(

1

e2
d + e2

q

)(
eqpr

acα − edqr
ac

)
, (8)

where pr
ac and qr

ac are the desired active and reactive power
outputs, and α guarantees that the superconducting coil never
overpass its maximum and minimum capabilities. α can be
calculated as:

α =
{

1 imin
dc ≤ idc ≤ imax

dc ,

0 otherwise.
(9)

Fig. 3. Distribution network.

TABLE I
PARAMETERS FOR SIMULATION

In order to control id and iq currents, from (5) are solving
the reference values for vd and vq using its first two equations
as follows:

vr
d = − 1

k13

(
ed − vd − R1

(
id − ird

)
+ RTid − k13vd + LTωiq

)
,

vr
q = 1

k24

(
vq − eq + R2

(
iq − irq

)

− RTiq + k24vq + LTωid

)
. (10)

Notice that k13 and k24 cannot take zero values. Finally,
to know the dynamical behavior of idc current, from the last
equation of (5) it is obtained its reference value as shows:

irdc = 1

R5

(
R5idc − mdvd − mqvq

)
. (11)

V. TEST SYSTEM AND SIMULATION RESULTS

A. The Studied System

Fig. 3 illustrates the test system which has a SMES system
connected in bus-1 through of a PWM-CSC (see Fig. 2).
Additionally, all parameters of the electrical grid are shown
in Table I.

To evaluate the capability, robustness and effectiveness
of the proposed controller it is comparing with a con-
ventional PI controller. The simulations are carry-out in
MATLAB software using ordinary differential equation pack-
ages ODE15s/ODE23tb. In addition, the parameters of the
conventional PI controller and the proposed controller are
adjusted in such a way to obtain an equal dynamic response, in
order to be able to comparisons fair. All data of the PBC and
the conventional PI controller are shown in Tables II and III,
respectively.

B. Active and Reactive Power Control

In this part, it is demonstrated the capacity of the proposed
strategy to control the active and reactive power (pac and qac)
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TABLE II
PBC PARAMETERS

TABLE III
PI CONTROLLER PARAMETERS

TABLE IV
ACTIVE AND REACTIVE POWER REFERENCES

Fig. 4. Dynamical response of active and reactive power control of the SMES
system: (a) superconducting coil current idc, (b) active power delivered by
SMES system pac and (c) reactive power delivered by SMES system qac.

on the bus-1. The reference values for active and reactive
power are chosen in such a way that have the possibil-
ity to control active and reactive power in independent and
bidirectional form, as is shown in Table IV.

It is also considered that in the infinite bus there exists a
10% of unbalance in each phase as follows: |ea(t)| = 1.0vrms

LL ,
|vb(t)| = 0.9vrms

LL and |vc(t)| = 1.1vrms
LL , respectively; this con-

sideration is from 0 s to 0.6 s. The time simulation from 0.6 s
to 1 s, it is considered a high harmonic distortion in the infi-
nite bus, as shown in (12) for the a-phase. The other phases

TABLE V
INDUCTION GENERATOR PARAMETERS

Fig. 5. Dynamical response of the active and reactive power control in SMES
system to compensate oscillations caused by variations in the speed of wind
in the wind generator.

are defined similarly that a-phase using positive sequence.
Additionally, it is assumed that the SMES system has been
charged until its maximum current value (see Table I).

va(t) =
√

2

3
440

⎡
⎣

cos(ωt)+
2
5 cos

(
5ωt − π

6

)+
1
5 cos

(
7ωt − π

3

)

⎤
⎦V. (12)

Fig. 4a depicts the dynamical behavior at the DC side of the
SMES system when this is used to control active and reactive
power (see Figs. 4b and 4c respectively).

Comparing Figs. 4a and 4b can be observed that the idc
current is directly influenced by the behavior of the active
power. This allows to control the energy stored indirectly with
the active power control.

Figs. 4b and 4c show the performance of the proposed con-
trol and the conventional PI to control the active and reactive of
the SMES system. Both controls respond adequately; however,
the proposed control has a better performance, since presents
smaller oscillations. Additionally, it can also be observed that
the power oscillations increase considerably when harmonic
distortion appears.
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C. Support Active and Reactive Power

In this part, it is shown the possibility of the SMES systems
to support active and reactive power for distributed generation
applications connecting a wind turbine generator type-A con-
nected in the bus-1 (see Fig. 3). This wind turbine generator
injects active power and absorbs reactive power from the AC
grid. The induction generator parameters given in Table V
were taking from [27].

It is considered that the wind generator has been dispatched
with an active power generation of 2.5kW. However, the active
power supplied is not constant and this depends of the wind
speed variations; which can generate economic penalizations.
Fig. 5a shows the active power generated of the wind turbine
and as well as its reactive power consumption.

The objective is to support the active power oscillations
using a SMES system and to compensate all reactive power
required by the induction generator. Figs. 5b and 5c show the
active and reactive power output in the bus-1.

Figs. 5b and 5c show the accuracy of the proposed control
to support the active and reactive power in the electric dis-
tribution systems with DERs. In this part, the active power
has a standard deviation of 0.8 % and 1.1 % for the proposed
control and conventional PI controller respectively. Also, the
reactive power is kept at 0 kVAr and thus improving the power
factor in bus-1.

VI. CONCLUSION AND FUTURE WORK

In this brief an IDA-PBC strategy to operate the SMES
system connected to an electric distribution network through a
PWM-CSC was presented. The proposed control methodology
using passivity theory guarantees global asymptotic stabil-
ity of the dynamical system in the sense of Lyapunov. The
proposed control scheme showed a good performance to con-
trol of active and reactive power in the SMES system for all
cases proposed which considering unbalance and high har-
monic distortion in the voltage provide by the AC grid. It
is also considered the possibility to support of active power
oscillations and the reactive power in the electric distribu-
tion systems with DERs. It is worth noting that the proposed
control always had a better response than conventional PI con-
troller in all cases analyzed in this brief, which makes it an
attractive control strategy to be applied in the support the
active and reactive power in distribution networks.

As future work can be proposed a full dynamical model
that considers all elements presents in radial distribution
networks, in order to design a general control strategy to oper-
ate whole grid passivity-based control theory, taking advantage
of the passivity nature structure of the electrical networks.
Additionally, can be used the proposed control strategy for
SMES system enhance stability operation in power systems.
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