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ABSTRACT Power swings may cause power system instability; therefore, hybrid energy storage sys-
tems (HESSs) are necessary to smooth the output of wind farms. Superconducting magnetic energy
storage (SMES) systems have a high power density, whereas battery energy storage systems (BESSs) provide
a high energy density. The significant contribution of this paper is the proposal of hierarchical control
strategies for an HESS composed of an SMES system and a BESS. Mathematical models and port-controlled
Hamiltonian (PCH) models of the HESS are established. At the device level, a novel HESS control strategy
based on the PCH models is proposed to improve its output performance. At the system level, a multilevel
power allocation method based on empirical mode decomposition, Fuzzy control and advanced control is
proposed to achieve an efficient grid connection for a wind farm; the grid connection considers the real-time
and future state of charge of the SMES system and BESS. The effectiveness of the proposed strategies are

verified through simulation studies.

INDEX TERMS BESS, coordinated control strategy, HESS, SMES.

I. INTRODUCTION

Energy storage systems (ESSs), which can achieve bidi-
rectional power control, have attracted increasing interest in
various fields for industrial applications due to their power
and energy characteristics [1]. Common rechargeable bat-
teries have a high energy density and long lifecycle, and
they have been widely used in the power industry in standby
power supplies and electric vehicles and for load follow-
ing [2], [3]. However, such batteries have problems, such as
their limited current rate, low response time, limited power
density, and environmental hazards [4]. In addition, super-
capacitors (SCs) and superconducting magnetic energy stor-
age (SMES) systems are energy storage technologies with a
high power density that are best suited for transient distur-
bance conditions [5]. For SCs, the accuracy of the model
is critical because it is necessary to describe the charge-
discharge processes using an equivalent model that involves
complex nonlinear physical and chemical behaviors [6]-[8].
Moreover, the voltage of each cell in an SC is very low; hence,
SCs should be connected in series when they are applied in
electric vehicles or for new energy power generation. Thus,
SCs incur problems because of their nonuniform cells, control
complexity, and large range of terminal voltages [9], [10].
For SMESs, the research cost is higher than the cost of
SCs. Compared to SCs, the advantages of SMESs are their

extremely high efficiency, long cycle life, high power rating
and low self-discharge rate. These advantages are conducive
to reducing the operating costs of SMES [11]. Moreover,
the common basic topologies of SMESs are voltage source
converters (VSCs), and the voltage of the superconducting
magnet can be maintained at a constant value. Although
SMESs do not have obvious cost advantages to date, the cost
of SMESs has been decreasing in recent years with the devel-
opment of high-temperature superconducting technologies
that enable the possibility of using SMESs as power systems
on a large scale in the future [12], [13]. Considering that
Li-ion batteries have been widely applied in large commercial
energy management projects [14], hybrid energy storage sys-
tems (HESSs) composed of SMESs and Li-ion BESSs, which
has both ideal power and energy characteristics, can be more
effective than a single ESS.

Because of the use of power electronic devices, HESSs
have multiple variables and exhibit nonlinearity and strong
coupling during operation, and their control performance
greatly impacts the system stability [15]. In order to ensure
the reliability and robustness of HESSs, advanced control
strategies are necessary. At present, the common linear
control [16], [17] methods and nonlinear control meth-
ods [18]-[22] have not considered the internal or external
interconnection structure of the system. The passivity-based

2169-3536 © 2017 IEEE. Translations and content mining are permitted for academic research only.

23452

Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 5, 2017

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-9790-7199

X. Lin, Y. Lei: Coordinated Control Strategies for SMES-Battery Hybrid Energy Storage Systems

IEEE Access

control (PBC) theory holds that a passive system will even-
tually run at the lowest energy point due to the dissipation
caused by the structure of the system. For PBC using Euler-
Lagrange models, only damping injection can be performed.
For PBC using port-controlled Hamiltonian (PCH) models,
both damping injection and energy shaping can be carried
out [23]. Energy shaping (ES) is a control process used to
stabilize a system at an expected equilibrium point by inject-
ing external energy into the controlled system. Romeo Ortega
and Arjan van der Schaft first proposed the interconnection
and damping assignment passivity-based control (IDA-PBC)
method based on PCH models [24]—[27]. This method con-
siders the interconnection structure of the system [24] and
avoids introducing the Casimir function. Low control com-
plexity is a significant advantage of the IDA-PBC method;
therefore, it can conveniently provide ES. ES control has been
widely used in robotics [28], PWM rectifiers [29], double-
fed wind power systems [30]-[32], and battery energy stor-
age systems (BESSs) [33]. Since the HESS cannot generate
energy independently, it is a typical passive system. The laws
of the energy flow of an HESS can be revealed by studying its
interconnection structure. By considering both the nonlinear
nature of a system and the energy flow, ES control can
achieve better control performance than conventional control
strategies for HESSs. There is currently a lack of research on
using the ES control strategy for HESSs; therefore, applying
ES control to HESSs based on PCH models has practical
significance.

In order to achieve the efficient, safe and stable oper-
ation of an HESS, a reasonable power allocation strategy
is crucial. The common power allocation strategies include
inertia filters [34]-[39], Fourier transforms [40], and wavelet
decomposition [41], [42]. Reference [34] and [35] used low-
pass filters for power allocation, but they did not consider the
SOC limitations; ESSs are prone to overcharging and overdis-
charging. Based on this behavior, Shao et al. [36] introduced
small amplitude fluctuations that provided a certain regula-
tory space for the SOC of a BESS. References [37]-[39]
combined the filter and the SOC together, and the filter time
constant is the central component of this kind of alloca-
tion strategy. The research in [37] established the objective
function of the SOC and used a genetic algorithm to deter-
mine the cut-off frequency. Reference [38] used the moving
average method, and the time constant was dynamically
adjusted depending on the work status of the SOC. A double
fuzzy logic control strategy for optimizing the SOC was
proposed in [39], and the time constant of the low-pass filter
was adjusted by using fuzzy rules. Although the methods
in [37]-[39] can effectively smooth the wind power fluc-
tuations and avoid overcharging or deep discharging, they
cannot ensure that the SOC will be maintained at a rel-
atively high state during operation. Additionally, both the
inertia filter method and moving average method have a
certain time lag that causes waveform distortion in some
cases and affects the effectiveness of the power compensa-
tion [40]. In addition, it is also difficult to reliably determine
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the most important time constant [41]-[43]. The conclusions
from [44] indicate that the time constant of the filter needs
to be weighed against factors such as the device lifetime,
capacity, and power characteristics, and currently, the quan-
titative correlations cannot be accurately described. To solve
these problems, [45] and [46] used spectral analyses based
on Fourier transforms to determine the compensation fre-
quency band of ESSs. But Fourier transforms have signif-
icant limitations when analyzing nonstationary signals, and
they cannot make full use of the essential characteristics of
signals. Han et al. [47] adopted wavelet theory to realize the
multilayer decomposition of the power output of wind power;
their method effectively overcame the time lags caused by
the inertia filter method. However, further research on the
optimization of the SOC has not been conducted. The wavelet
decomposition has an unsatisfactory time-frequency resolu-
tion, and it is difficult to obtain detailed information regarding
the high-frequency part of the signal [48].

This significant study focuses on coordinated control
strategies for HESSs. Considering the internal or external
interconnection structure of the system, ES control based on
PCH models is proposed at the device level to achieve better
output characteristics for the HESS. In order to achieve rea-
sonable power allocation, effectively optimize the SOC and
make full use of the essential characteristics of the signals,
a novel system-level control strategy is proposed. Empiri-
cal mode decomposition (EMD), which is an ideal tool for
nonstationary signal analysis, is adopted for the initial power
allocation to overcome the time lags of the conventional
methods. Considering the real-time and future SOC levels,
a fuzzy control and an advanced control strategy are designed
for secondary allocation; these methods allow the HESS to
effectively stabilize the power fluctuations caused by wind
farms and maintain the SOC within a relatively high state
during operation.

The remainder of this paper is arranged as follows. The
mathematical models, PCH models of the HESS, and the
detail hierarchical control strategies of HESS are described in
Section II. The simulation results are discussed in Section III,
and the key conclusions are summarized in Section IV.

Il. COORDINATED CONTROL STRATEGIES FOR HESSs
A. MATHEMATIC MODELS OF HESS

The topological structure of the HESS is shown in Fig. 1.
The SMES and BESS are connected to the AC side of the
converter. There are two types of conventional converters:
VSCs and current source converters. A VSC can maintain
the stability of the DC-side voltage and is thus selected as
the basic circuit here.

Each phase bridge arm of the VSC contains two switching
tubes. The status of the switching tubes can be expressed as
Sk, k =a,b,c/A, B, C. The switch state can be expressed as

1, Sui=1, Spp=0
S — k1 k2 )
0, Skg1 =0, Spp=1
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FIGURE 1. Topological structure of the HESS.

Then, Unp and Uy can be respectively represented as

Unn=—-3Us Y k=1

k=a,b,c
0 2)
Un=—3Vac > Sc—1
k=A,B,C

By applying Kirchhoff’s law, the mathematical model of
the converter of the SMES in dq coordinates can be expressed
as

L(dig)/dt = —Rpiq + wLiqg — SqUdc + Vea 3)
L(dig)/dt = —wLig — Rpiq — SqUac + Vgq

where Ry, and L represent the value of AC-side resistance
and inductor, respectively; ig and iy represent the direct
and quadrature axis currents of the SMES, respectively;
Ved and Vgq represent the direct and quadrature axis grid side
voltages, respectively; w represents the angular frequency of
the grid side voltage; Uy, is the voltage of DC-side capacitor
of the SMES; and S4 and S represent the direct and quadra-
ture axis switching functions of the SMES, respectively.

The chopper of the SMES system has three operating
modes: (1) charging state; (2) freewheeling state; and (3)
discharging state. Here, d; and d, are the duty cycles of
the corresponding insulated gate bipolar transistor (IGBT),
S1 and S in the chopper, respectively. Assuming that the duty
cycle di = d» = D, the mathematical model of the DC-side
chopper can be expressed as
Lsc(digc)/dt = —Rscisc+ (2D — 1) Ug, @

C(dUdc)/dt =igc — (2D — 1) is

where Ry and Ly represent the value of the resistance and
inductor of the magnet; C represents the value of DC-side
capacitor; and D represents the duty cycle of S and S».

If the duty cycle D is less than 0.5, then the magnet releases
energy into the power grid; if the duty cycle D is greater
than 0.5, then the magnet absorbs energy from the power
grid.
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Similarly, the mathematical model of the converter of the
BESS in dq coordinates can be expressed as

L(dip)/dt = —Ryip + wLiq — SpVdc + Ved

L(dig)/dt = —wLip — Ryiq — SqVac + Veq )
2 Wee  2E,

CWae — Snin + Soio —
3C @ =D Qg T Fp g

where ip and ig represent the direct and quadrature axis
currents of the BESS, respectively; E; is the terminal voltage
of the battery; Ry, is the value of the internal resistance of
the battery; Vyc is the voltage of DC-side capacitor of the
BESS; and Sp and S, represent the direct and quadrature axis
switching functions of the BESS, respectively.

B. PCH MODELS OF HESS

The specific design process of ES control includes three
steps: constructing the PCH model, setting the desired equi-
librium and solving the energy matching equation. Therefore,
establishing the PCH model based on a mathematical model
is very important and is the basis of the following design.

Because an HESS can only store and release energy and
does not have the ability to generate electricity independently,
it can be regarded as a typical passive system that meets the
requirements of PCH modeling and ES control.

Considering the energy dissipation in the system, the gen-
eral PCH model [23] can be written as

i = [J(x) — R&NED ¢ g(x)u

(6)
y — gT(x) Bg]_;x)

where J(x) is the internal structure matrix, which reflects
the internal energy conversion structure; R(x) is the damping
matrix, which reflects the energy dissipation characteristics
of the system; H(x) is the energy function of the system;
g(x) is the internal and external interaction matrix, which
reflects the internal and external energy transfer structure;
x is the state vector; u is the input vector; y is the output
vector; and the product of u and y represents the value of the
power transmitted between the system and external systems.
In addition, J(x) is anti-symmetric, and R(x) is symmetric
positive semi-definite.

1) PCH MODEL FOR THE SMES
First, the energy function of the AC-side VSC of the SMES
system is established as

1 , 1 ,
H = Ele + Equ (7)
The state vector of the VSC of the SMES is defined as
x = [Lig Lig]" ®)

With the same form as that of (6), the PCH model of the
converter of the SMES can be obtained using (3), which can
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be expressed as
&
( 4 )
di
LF
)

where VH = 0H(x)/0x = [iq iq 1T; the internal and external
interaction matrices are g, = [—Sq —Sq)]T,gz =[10]7,and
g =10 117; the input vectors are u1 = Uqc, U2 = Vg, and

I
N
|
& Z
,'Je
e ~
N——"
N
e
N——

u3 = Vyq; the output vectors are y; = g{VH = —(Sqiqg +
Sqlq) = —ldes Y2 = ggVH = ig, and y; = g?VH = ig;
0 oL

the internal structure matrix is J = ; and the

—wL 0
damping matrix is R = diag {Ry }.

The internal and external interconnection matrix g(x) con-
tains the switch functions Sg and Sy because the energy
interaction between the system and power grid depends on
the status of the IGBT tubes.

Second, the energy function of the DC-side chopper of the
SMES system is established as

1 2 1 2
H = ECUdC + ELSCISC (10)

The state vector of the chopper is defined as
x =[CUqc Lcisc ]T (1)

Assuming that the magnet resistance is Ry = 0, in the
corresponding form of (6), the PCH model of the converter
can be obtained by (4), which is expressed as

Y- () () (2
. = . d
Lsc% 2D -1 0 Isc 0 ¢
(12)
where VH = 0H(x)/dx = [Uqgc s 1T the interaction

matrix is g = [1 0]7: the input vector is uz; = iqc; the
output vector is y,; = g' VH = Uy; the internal structure

. _ 0 —(2D—-1)\. .
matrix is J = 2D — 1 0 ), and the damping
matrix is R = (0)5 5.

Because uy = yy1 = Ugc and y; = —upy; = —ige,

the AC-side VSC and DC-side chopper are cascaded via
a feedback interconnection. The feedback interconnection
structure remains unchanged in the PCH models of the cas-
caded systems and fully embodies the energy transfer process
between the AC-side VSC and DC-side chopper; thus, this
structure provides a means for controlling the energy flow of
the controlled system. The feedback interconnection structure
of the controlled SMES system is shown in Fig. 2.

2) PCH MODEL FOR THE BESS
The energy function of the BESS is established as

1 2 1 2 1 2
H = ELZD + ELIQ + ECVdC (13)
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FIGURE 2. Feedback interconnection structure of the SMES system.

The state vector of the BESS is defined as

x=[Lip Lig CVgl" (14)

With the same form as that of (6), the PCH model of the
converter of the BESS can be obtained using (5), which can
be expressed as

Ldi])
ﬁt —Ry. wlL —Sp ip
149 =| -oL —R. —Sq io
2 ‘g, Sp SQ —ﬁ Vic
2oV
3 dt
Ved
+ ‘2%1 (15)
3Ry

where VH = 0H(x)/ox = [iD iQ Vac ]T; the internal
and external interaction matrices are g, = [100]T, g, =
[01 O]T,andg3 =[00 I]T;theinputvectors areu) = Vg,
uy = Vyq, and u3 = 2E,/ (3Ry); the output vectors are y; =
ngVH =ip,yy = gEVH =iQ,andy; = g?VH = Viyc; the
internal structure matrix is

0 wlL —SD
J=| —owL 0 -S89 |;
Sp SQ 0

and the damping matrix is

Ri, 0 0
R=| 0 R 0
0 0 —2/(3Ry)
ng > iD >
V. I
—HE— Z BESS [ "
2E, /3R, V.

FIGURE 3. PCH structure of the BESS.

The switch functions Sp and Sq are contained in the inter-
nal structure matrix J(x), which explains that the energy
transfer structure in the battery changes according to the
switching function. The PCH structure of the BESS is shown
in Fig. 3.
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SMES
Converter

BESS
Converter

FIGURE 5. Traditional power control structure of the BESS.

C. DEVICE-LEVEL CONTROL STRATEGY

The structures of the traditional power control of an HESS
are shown in Fig. 4 and Fig. 5. The active and reactive current
references are obtained from the outer power loop control
(PI; and PI,/ Plg and PIy), and the voltage com-
mands required by the space vector pulse-width modula-
tion (SVPWM) are obtained from the inner current loop
control (PI3 and Ply / PIg and Plg) and the decoupling
control. In particular, the voltage regulator (PIs) controls the
DC-side voltage of the converter of the SMES [16], [49]. The
traditional control structure includes numerous PI controllers,
and the parameters of the PI controllers must be modified
repeatedly. However, it is difficult to achieve the desired
effect and provide a clear physical implication using so
many PI controllers. Therefore, ES control for the HESS
is proposed in this section; this control considers both the
nonlinear nature of a system and the energy flow.

1) PROPOSED ES CONTROL FOR THE SMES

Because the SMES system is cascaded via feedback inter-
connection, it is necessary to reduce the system dimensions
to solve the control variables. It is very difficult to establish
the Casimir function, which is the traditional method used to
reduce the system dimensions. Therefore, this study first uses
the feedback interconnection method for cascading between
the subsystems and then establishes the energy matching
equation using the energy-based control method [30] to deter-
mine the control variables.

The dynamic equations of the system can be expressed as

oH
&= U~ R 4 g (16)

When the control energy is injected into the controlled
system, the desired dynamic equations of the system can be
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expressed as
0Hy(x)

x = [Ja(x) — Ry(x)] ™

(17
with

Jax) =Jx) +Jo(x)
R4(x) = R(x) + Ry (x)
Hy(x) = H(x) + Hy(x)

where J4(x), Rq(x) and Hy(x) represent the desired inter-
nal structure matrix, the desired dissipation matrix and
the expected energy function of the system, respectively;
Jo(x) and R, (x) represent the new generated internal struc-
ture and dissipative structure of the system, respectively; and
H, (x) represents the injected energy of the controller.

The main concept of ES control is that the controlled sys-
tem will become stable at the desired energy function Hy(x).
The control is established through the matrix J(x). Then,
the matrix Ry(x) introduces the control energy H,(x) to
shape the desired energy Hy(x), forcing the system to operate
around the desired non-zero equilibrium point; this process is
why this method is called ES control.

The system control variable u can be solved using the
energy matching equation

dH (x)

dHqy(x)
[J(x) — R(x)]w +g@u = [Ja(x) — Rq(x)]

ax
(18)

The energy function of the VSC of the SMES system is
represented as

Hx) = Ele + Equ (19)

The control objective of the AC-side converter is to make
the converter track the power instruction effectively. The
expected energy function of the VSC is expressed as

1 1
Ha(x) = SLGia — i+ S LGq = i) (20)

The state variable at the equilibrium point of the AC-side
converter is x* = [Lij Li;*l 1T therefore, if the converter
operates around the desired equilibrium point, then Hqy(x)
should have a minimum value at the expected equilibrium
point of the system, that is, X|x—=y+) = 0.

The equations for the active power and reactive power at
the desired equilibrium point are written as

P;MES = 3(ngi§ + ngifl)/Z
Osmes = 3(Veqig — ngié)/z

Then, the equilibrium points of the active and reactive
currents can be calculated as

2(Pgpps Ved + Q5mes Vea)
2 y2
E (vi+ Viq)
i — 2PsnesVea — sups Ved)
2 2
3 (ng + ng)

2n

o
g =

(22)
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Because x|x—y+) = 0, (9) should satisfy
—R1, oL l':; -S4 % Vea ) _
(S ) () (550w (3) =0

where Uy, is the desired value of the DC-side voltage.
The equilibrium points of the switching functions can be
calculated as

(23)

—RLi + Lt + Vg

*

d — Ué]k
. c . 24
o —RLZZ — wLiy + Vgq 24
a Ue

We construct the matrices J, and R, as follows:

0 oL .
JO[=<_(UL 0 )9 Razdlag{Rl,RZ}
where R; and R, are positive numbers used to vary the
damping of the system, and we set R| = R, = 1.

By solving the energy matching equation (18), the control
law of the VSC of the SMES system can be solved as

Ry (ia = i3) + oL (ig = i7)
*k
Uge (25)
Ry (iq = ) = oL (ia — i)
Uge

SdZSEik—i-

Sq=S;+

The energy function of the SMES chopper is represented
as

L L

H(x) = ECUdC + ELSCISC

The control objective of the chopper is to maintain the

stability of the DC voltage and to achieve effective energy

transmission between the AC and DC sides. The expected
energy function of the chopper is expressed as

(26)

Because x|x—y+) = 0, (12) should satisfy

0 —@2D-1)\ (UL 1.
(21 %07 ")(#) (o) wm=o

The chopper balance pointis D = 0.5 for the SMES system
to remain in the freewheeling state without control.
We construct the matrices J, and R, as follows:

Jo =(0)2y2, Ry =diag{r,r}

where r| and r; are positive numbers used to vary the damp-
ing of the chopper, and we set r; = r, = 0.12.

We set the control variable # = D, and we assume that
VH, = 0H,/dx = [lq ko ]T and the intermediate control
variable m = 2D — 1. The energy matching equation of the
chopper is then expressed as

. —@D=D\[(=UL\ _ (1 0 Vs
2D — 1 —r —l';kc - 0 rn isc
+—(é)i& (29)

By solving the energy matching equation (18), the control
law of the SMES chopper can be solved as (30), as shown at
the bottom of this page. The actual control variable D can be
obtained by (m + 1) /2.

2) PROPOSED ES CONTROL FOR THE BESS

The energy function of the VSC of the BESS is represented
as

H(x) = 0.5Lify + 0.5Lig + 0.5CV, 31)

The control objective of the converter is to make the con-
verter track the power instruction effectively and maintain the
stability of the DC voltage.

The expected energy function of the VSC of the BESS is
expressed as

1 2 ] .. . 1
Ha(®) = 5 Lse (ise — i%)" + 5CWae = UL? (7)) Hyx) = S Ltin — iH)* + S Lo io) + 5CVae = Vi)
where i}, is the current command of the magnet, which is an (32)
intermediate vagable that can b.e. eh.mmate.d. ' Because #|(x—x+) = 0, (15) should satisfy
The state variable at the equilibrium point of the DC-side
chopperis x* = [CUj,  Lscig, 17; therefore, if the chopper —RL oL —Sp . Ved
operates around the equilibrium point, then Hg(x) should —wL —RL —S0 'D n Veq | _ 0 (33)
reach a minimum value at the expected equilibrium point of s S 2 ‘I/Q 2B, | T (
the system, that is, ¥|x=x+) = 0. b C T3R, de 3Ry
" —rolse — \/(r2isc)2 + 4r2U&kC[idc + r1(Uge — U&kc)]
The = 2r
iy e 020502 AR U lige + 1(Wae — Uy
U 20,
(30)
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The equilibrium points of the switching functions can be
calculated as

—RLi]*) + a)LiE‘) + Ved

SH = v
. C . 34
o —RLL*Q — wLify + Vgq G4
Q™ V*
dc
‘We construct the matrices J, and R, as follows:
0 0 Al
Jo=| O 0 Ay ), R, =diag{Rj3, R4, Rs}
—A Ay O

where R3, R4 and Rs are positive numbers used to vary the
damping of the system.

By solving the energy matching equation (18), the control
law of the VSC of the BESS can be solved as

A1 (Vae = VE) = Rs (io — i)

Sp = S5 —
P Vie (35)
* Az (Vdc — V;c) — Ry (lD — ll*D)
Sq = SQ — VJ
C

By solving the third equations of the energy matching
equation, we can obtain

—R3i* —Ryi*
Al = - D A, = vi Q
Vdc de 36
(i +ig) ks R (56)
AN 5 =

*2

Vdc

The new generated internal structure of the system J, can
be expressed as

%
0 0 RilD
Vdc'
—1’?41?2
Jo=| 0o o ! (37)
R3i* R Ve
3 1
e v O
dc

By further analyzing the solution of the energy matching
equation, we can obtain

2
2V

Ri=Rj=——""--——
3 4 %2 %2

3(ip +IQ Ry (38)
-2

Rs = ——
37 3R,

D. SYSTEM-LEVEL CONTROL STRATEGY

The unbalanced power AP is the difference between the
output power of the wind farm Pying and the grid-connected
power Prer, and it represents the fluctuating component of
wind power that must be compensated for by the HESS to
achieve the expected stabilizing effect. Because the SMES
has a high power density and low energy density, it cannot
conduct a high power exchange for a long period of time;
thus, the high-frequency part of AP is assigned to the SMES.
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The BESS has a slow response speed, and the most serious
problem of the battery is its limited cycle life, i.e., the battery
cannot be charged and discharged frequently. Thus, the low-
frequency part of AP is allocated to the BESS. That is,
the SMES undergoes frequent and instantaneous power fluc-
tuations, and the BESS addresses long-term variations.

The traditional methods for analyzing wind power fluc-
tuation include inertia filters, wavelet decomposition, and
EMD. Inertia filter methods have a certain delay, the filter
constant is difficult to determine, and they cannot achieve
good results in treating nonlinear and nonstationary signals.
Wavelet decomposition requires a large amount of historical
data, and it also cannot process nonlinear and non-stationary
signals well. EMD can be used to decompose nonlinear
and nonstationary signals adaptively and obtain a series of
intrinsic mode functions (IMFs), which can be applied to
characteristic time scales of the signal [41]-[43]. Therefore,
the EMD is used to analyze the wind power fluctuations
and the power distribution of the ESS. Since EMD is only a
tool for allocating the initial power instructions in this paper,
the basic principles of EMD are not described here.

The wind power fluctuations are decomposed into IMFs,
and the frequencies of the IMFs are reduced in accordance
with the order of decomposition.

The unbalanced power AP can be expressed as

AP = IMF) + IMF> + - - - + IMF,, + R (39)

From the combination of the IMFs and R, we can obtain
different types of power commands according to the recon-
structed frequency characteristics, which are suitable for
different types of ESSs.

The high-frequency components can be expressed as

k
Yhigh(f) = Zi:l IMF; = PSMES_ref (40)

The low-frequency components can be expressed as

n .
Yiow(t) = Zl_z oy IMF_i+ R = Ppess rer (41)

where PsmEs rer and PBgss_ref represent the initial power
commands of SMES and BESS, respectively.

During the power allocation between the SMES and BESS,
the SOC of the ESSs must be maintained at a relatively high
state such that overcharge or over-discharge phenomena will
not occur in the HESS. Here, we use the SMES as an example
to express the real-time SOC of an SMES

SOCsmes = SOCSMES _initial + ASOCsMES
ASOCsyps = ——ESMES 1000, 42
SMES Capacity
where SOCSMES initial 1S the initial SOC of the SMES;
ASOCswmEs is the SOC deviation of the SMES; and AEsmMEs
is the change in the SMES energy.

The acceptable SOC range of an SMES is 10-90%, and the
acceptable SOC range of a BESS is 20-80%. To further ensure
the safe operation of the HESS, we provided each ESS a 10%
SOC margin when we designed the control rules.
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FIGURE 6. Control structure of the system-level control.

The fuzzy control and the advanced control are presented at
the system level for secondary allocation of the initial power
command. The fuzzy control is used to add a fuzzy logic
controller for the SMES and BESS. Fuzzy logic controllers
adjust the initial power commands according to the real-time
SOC sMES > PSMES_ref, SOCBESS, and PRgss_ref- The advanced
control is used to further adjust the power commands accord-
ing to the pre-defined high-level SOC of the ESSs, which
provides space for the charging or discharging to ensure that
the HESS can meet the energy requirements at the follow-
up time. The specific control structure of the system-level
control is shown in Fig. 6, in which Psymgs_r and Pggss_t
represent the power commands after the fuzzy control, and
Péyes and Pfpqg represent the final power commands after
the complete system-level control.

The structure of the fuzzy control is shown in the left
dashed box in Fig. 6. The adjustment of the power commands
in the fuzzy control can be expressed as

PsMmEes_f = AKsMESPsN + PSMES_ref

43)
PgEgss_f = AKBESSPoN + PBESS_ref

where AKsmes and AKpgss represent the outputs of the
fuzzy logic controllers of the SMES and BESS, respectively,
and PgN and Py represent the rated output powers of the
SMES and BESS, respectively.

After the amplitude limiting and normalization processing,
the initial power instructions of the SMES and BESS can be
expressed as esmgs and €ggss, respectively.

The fuzzy set of e,(x = SMES or BESS) is defined as
{NB, NS, ZO, PS, PB}, where NB and NS represent the deep
and light discharges of the ESS, respectively; ZO indicates
the power balance between the ESS and the power grid;
and PS and PB represent light and deep charges, respec-
tively. First, from the point of view of the power demand
of the ESSs, the BESS undertakes the low-frequency and
high-energy requirements, whereas the SMES stabilizes the
high-frequency and low-energy requirements; therefore, we
set the basic degree of the power flow (ZO) for the BESS
within a larger range (—0.35, 0.35), and a relatively tight
range (—0.25, 0.25) is set for the SMES. Second, from the
point of view of the charge-discharge characteristics of the
ESSs, the BESS has a short cycle life and is thus unsuitable
for deep charging and discharging, whereas the SMES has a
high power density and a long cycle life and is thus suitable
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FIGURE 7. Membership functions.

for supplying high levels of power relative to its rated power.
Therefore, we set the boundary for deep operation of the
BESS at £0.65 and the boundary for deep operation of
the SMES at £0.75. The light operation (NS, PS) of the
BESS and SMES can be defined as F(0.35, 0.65) and
F(0.25, 0.75), respectively. Thus, the parameters of the mem-
bership function of % can be set asa; = 0.125, ap = 0.375,
az = 0.625, and a4 = 0.875. Similarly, the parameters of
the membership function of &P can be set as a 1 = 0.275,
ar = 0.425, a3 = 0.575, and a4 = 0.725.

The fuzzy set of SOC,(x = SMESorBESS) can be divided
as {VL,L, H, VH}, which denote ‘very low’, ‘low’, ‘high’
and ‘very high’, respectively. We divide L and H at an SOC
level of 50%, and we set the extreme cases (VL and VH)
based on the acceptable SOC range. Considering the security
of actual operation, we provided each ESS with a 10% SOC
margin. For example, the acceptable SOC range of an SMES
is 10-90%; thus, the range of VL should be less than 20%,
and the range of VH should be higher than 80%. Therefore,
the parameters of the membership function of SOCsmEs
should be set asb; = 0.125, by = 0.275, b3 = 0.425, by =
0.575, b5 = 0.725, and bg = 0.875. Similarly, the parameters
of the membership function of SOCpgss are set as by = 0.25,
by =0.35, b3 = 0.45, by = 0.55, bs = 0.65, and bg = 0.75.

The membership functions for the regulation factor
AK, (x = SMES or BESS) can be defined as
{NB, NS, ZO, PS, PB}, and the domain of AK, is defined
as {—1,—-0.5,0,0.5, 1}. The value of AK, represents the
regulation degree of power. The membership functions of the
controllers are shown in Fig. 7.

It is difficult to establish a precise mathematical model
for complex nonlinear control objects, and fuzzy control pro-
vides an effective way to transform expert subjective control
that is based on knowledge and experience into automatic
control. Determining the control rules is an important part
of designing a fuzzy logic controller. However, subjective
experience requires successive experiments to ensure the pro-
cess’s robustness and reliability, which cannot be obtained
easily or rigorously. Therefore, we establish the fuzzy rules
by considering the different characteristics of the ESSs and
analyzing the controller’s reasoning process.

The rules of the reasoning process of the fuzzy logic con-
troller obey the following priority:

« the SOC should always be maintained in a relatively high
range (H ); that is, the ESSs should be able to absorb and
deliver power accurately according to the commands.

o to ensure a good stabilizing effect for the following
moment and reduce the pressure on the battery, we prior-
itize maintaining SOCsMEs at arelatively high state (H).
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1) RULE BASE FOR THE SMES

If SOCsMmEs is within a very high region (VH), then the
fuzzy logic controller determines a different decreased value
(NB orNS for AKsmgs) to modify the reference, except if
the SMES needs to be discharged. Similarly, if SOCsmgs is
within a very low region (VL), then the fuzzy logic controller
must output an increased value (PB orPS for AKsmgs), unless
the SMES needs to be charged.

If SOCswmEs 1s within a high range (H ), PsMEs,ef does not
need to be regulated except if there is a deep charge or deep
discharge command (PB orNB for espvgs). To ensure that
SOCsMEs stays within a relatively high range, a minor cor-
rection (PS or NS for AKsmEgs) is required when the SMES
is in a deep operation.

If SOCsMEs is in a low region (L) (i.e., the SOC level
has slightly deviated from the relatively high state), the fuzzy
logic controller must output a slightly increased value (PS for
AKsmEs), unless the SMES needs to be charged.

2) RULE BASE FOR THE BESS

A similar rule base to that of the SMES can be estab-
lished for the BESS. Because the battery has a large capacity,
SOCgEgss changes relatively slowly. Thus, we do not have
to set a priority control when SOCggss is in a high region.
If SOCgEss is in a high region (H ), the fuzzy logic controller
outputs zero (ZO for AKggss); thatis, Ppgss_ref does not need
any regulation.

It is also somewhat ‘““sensible” to establish the same rule
base for the SMES as the BESS without any priority rules.
However, the analysis of the functional characteristics of
ESSs shows that SOCgss changes relatively slowly because
of its large capacity, while SOCsyEs changes by a relatively
large amount and rapidly due to its low energy density. Thus,
if we do not give priority to SOCsMEs to stay in a relatively
high state (H), it would probably deviate from a good state
and have an adverse effect on the stabilizing results.

TABLE 1. Fuzzy control rules.

&
SMES SMES
PB PS 7O NS  NB
VH NB NS NS 70 70
NS z0 70 70 Ps
SO0Csmgs
L 70  Z0  PS PS PS
vL z0 Z0  PS PS PB
&
BESS BESS
PB PSS 70 NS  NB
VH NB NS NS 70 70
70 70 70 70 70
S 0 CB ESS

L Z0 Z0 PS PS PS
VL Z0O Z0 PS PS PB

The fuzzy control rules are formulated as shown in Table 1.
The structure of the advanced control is shown in the right
dashed box in Fig. 6. By comparing the current SOC with a
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relatively high pre-defined SOC, the advanced control adjusts
the power commands continuously after the fuzzy control,
which optimizes the control of the SOC and reserves space for
subsequent charging or discharging. Taking the SMES as an
example, when SOCgsyEs is lower than the pre-defined value
SOCsMgs,.> the SMES is controlled to absorb more power
by reducing the grid-connected power of the wind farm.
In contrast, when SOCsmgs is higher than the pre-defined
value SOCsMgs,;» the SMES is controlled to increase the dis-
charging power or reduce the charging power by increasing
the grid-connected power of the wind farm. The pre-defined
values for the ESSs are both set to a high level (0.65) in this
paper. Compared to the grid-connected power, the adjusted
power for regulating the SOC in the advanced control is
very small. Thus, the impact of the advanced control on the
power system is almost negligible. However, the capacity of
the HESS is limited, so the adjusted power can effectively
maintain a good SOC level. The final power commands can
be expressed as

Péyes = fsMESASOCsMEs + PSMES_t
Phrgs = fBESsASOCEBEss + PBESs._t

where ASOCsmges and ASOCggss represent the deviations
of the SOC, respectively; and fsmes and fgess represent the
feedback gains of the ESSs, which are determined by the
capacities of the ESSs.

(44)

Ill. SIMULATION STUDY

The programs and simulation model were built and
implemented by combining m-files and SIMULINK with
MATLAB R2016a [50] and were executed on a PC with an
Intel Core(TM) i7-6700K CPU (4.00 GHz) and 32 GB of
RAM under Windows 10.

In order to compare the control effects of the ES control,
PI control [49], model predictive control [21] and backstep-
ping control [22], the durations of the step-change power
commands are set to 1, 2 and 3 s. At O s, the active power
command is set at 0 MW; at 1 s, it is changed to 0.5 MW;
at 2 s, it is changed to 1 MW; and at 3 s, it is changed to
—0.5 MW. The active power response curves of the SMES
system are shown in Fig. 8. Because the BESS has similar
characteristics, the waveform of the BESS is not given here.
Fig. 9 shows the waveform of the magnified active power and
the waveform of the reactive power.

As shown in Fig. 8 and Fig. 9, the results demonstrate that
the proposed ES control strategy can effectively reduce the
overshoot and setting time and can produce good power track-
ing results. After comparing the details, ES control achieves
better control results compared to other advanced control
algorithms. Among them, MP control, which does not require
linear controllers and modulators, achieves adequate control
results. However, MP control still requires further progress.
The robustness of backstepping control is relatively poor, and
it requires many computations. In addition, the waveform
of the reactive power reveals that these control strategies all
achieve good decoupling effects.
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FIGURE 8. The response of the SMES under the step-change order.

FIGURE 9. Comparison of the SMES output power.

FIGURE 10. Analysis of the waveforms based on Pl control.

Fig. 10 and Fig. 11, respectively, show the waveforms of
the voltage and current of phase A and the corresponding
spectrum analysis based on PI control and ES control.

The total harmonic distortion (THD) of the AC-side volt-
age is less than 0.15%, and the THD of the AC-side current
is less than 1% based on the proposed ES control of the
SMES system during operation. Compared to the traditional
SMES system based on PI control, this result represents a
considerable reduction. The output characteristic of the HESS
is effectively improved by adopting the proposed ES control
for the HESS.
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FIGURE 11. Analysis of the waveforms based on ES control.

TABLE 2. Some parameters of the model.

mean 2.28 MW
Wind power
standard deviation 0.16 MW
rated capacity 1.8 MJ
rated power 0.08 MW
inductance 10H
SMES
running current 100 A-800 A
DC-side voltage 800V
SOC limits 10%-90%
rated capacity 0.02 MWh
rated power 0.2 MW
BESS
rated voltage 800V
SOC limits 20%-80%
6
26 % 10

—Wind Power Pwind
— Grid-connected Power Pref

2 ‘ : ‘
0 200 400 600 800 1000
t(s)

FIGURE 12. Wind power P,;,4 and grid-connected power P,s.

Some of the parameters of the model are shown in Table 2.

The measured 1000 s of wind power data Pyipg of a small
wind farm and the grid-connected power Pr.r are presented
in Fig. 12.

The IMFs of AP are shown in Fig. 13. First, we set the
upper limit of the high frequency of the battery to 0.1 Hz.
IMF 3, IMF 4 and R are found to be suitable for the BESS,
and IMF | and IMF, are suitable for the SMES.
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FIGURE 14. Unbalanced power AP and initial assigned power of the ESSs.

Fig. 14 shows the waveform of AP and the initial assigned
power of the ESSs, which compares the performance of EMD
with the low-pass filter.

For the inertial filter method, the power commands of the
BESS are not very smooth, and a few burrs exist. In particular,
compared with the EMD, the inertial filter method results in
an obvious time lag that influences the effect of the power
compensation. For the EMD method, the extent of smoothing
is greater than that of the filter, and the rate of change of
the battery power within a short time is reduced, achieving
a certain extent of buffering. Most importantly, the EMD
can overcome the delay of the response in the inertial filter
method, and it also provides a considerable method to take
advantage of the complementary nature of the different char-
acteristics of the SMES system and BESS.

The adjusted power of SMES generated by the advance
control at the system level can be expressed as

PsMES,q = fsSMESASOCsMES
= fsmes (SOCsMEs,; — SOCsmEs) — (45)

where fsMeEs = PSMES_max X 7, PsMES_max 15 the theoretical
maximum power absorbed by the SMES, and m is a scaling
factor for the SMES.

Because the amplitude limiting method is used, the inequal-
ities about the power commands of the SMES at the system
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level can be written as

{_PSN =< PSMES_ref < PsN

(46)
—PsN < P{yps = PSMES_f + PsMES_ad < PsN

As we need to obtain only an approximate range for m,
it can be considered that Psmgs ref = PsMmEis_f- Then, by ana-
lyzing the data provided by the example, the inequalities
about the adjusted power of the SMES PsmEs ad can be
expressed as

ifSMES (SOCsmEs,; — SOCsMES_min) < 0.16 7

fsMmEes (SOCsMEs,; — SOCSMES_max) = —0.16
where SOC sMES_min and SOCsMES_max represent the accept-
able minimum and maximum SOCs for the SMES.

By calculating the above inequalities, we can get m < 0.5
in this case. Therefore, we take the scaling factor m as 0.125.
Similarly, the scaling factor n for the BESS is taken as 0.2.
That is, fsmes = 8 x 10%, and fggss = 4 x 10*.

A. FUZZY CONTROL RESULTS

To verify the performance of the proposed fuzzy control,
two examples are chosen to illustrate the characteristics of
the fuzzy rules. The curves of the input and output of the

fuzzy logic controller under different conditions are plotted
in Fig. 15.

FIGURE 15. The input and output of the fuzzy logic controller in the
examples.

According to the fuzzy rules set in Section II Part D,
a minor correction (NS or PS for AKsmgs) is required when
the SMES is in deep operation to ensure that SOCsMmEs
remains within a relatively high range (H). When SOCsmEgs
is within a low region (L), the fuzzy logic controller should
output a slightly increased value (PS for AKsmEs), unless the
SMES needs to be charged. The actual response of the fuzzy
logic controller is shown in Table 3.

A comparison between the actual response in Table 3 and
the expected response of the rule base in Table 1 shows
that precise control is achieved by the fuzzy logic controller
based on the designed rule base. Particularly, the precedence
rules are triggered precisely to maintain SOCgsymgs within a
relatively high state (H).
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TABLE 3. Actual response of the fuzzy logic controller.

Example 1
ESMES Z0 NS NB NS ZO

SOCsumps  H H H H H
AMKgugs 20 ZO PS 20  Z0O

Example 2
ESMES NS Z0 PS PB PB
SOCsyEs L L L L H

AKguzs PS PS  ZO  Z0 NS

FIGURE 16. Curves of the SOC and AKgp s of the SMES system.

B. SYSTEM-LEVEL CONTROL RESULTS

To confirm the effectiveness of the system-level control
that consists of the fuzzy control and the advanced con-
trol, cases with no control, fuzzy control only, and complete
system-level control are compared. The initial SOC of ESSs
are set to 0.65, which indicates a good condition of ESSs.

It should be noted first that every action of the fuzzy
controller will affect the power absorbed or released by
the ESSs, and the actual grid-connected power will devi-
ate from the ideal grid-connected power during this period.
Therefore, under the ideal running conditions of the HESS,
the SOC of the ESSs is always maintained at a relatively high
state, and the fuzzy rules are not triggered during operation.
When fewer rules are triggered, the actual grid-connection
power becomes closer to the ideal grid-connection power; this
behavior is more conducive to smoothing the grid-connected
power of wind farms.

Fig. 16 shows the curves of SOCsmgs and AKsmes. The
results show that SOCgsyEgs remains at a low level (<50%)
for a long time during the operation when no control strategy
is adopted. When we use only the fuzzy logic controller
to adjust the power command for the SMES, the controller
adjusts AKsygs when the fuzzy rules are being triggered. The
fuzzy control can reduce the decrease of the SOC somewhat,
but it cannot always maintain the SOC in a relatively high
state. When the complete system-level control proposed in
Section II Part D is adopted, the advanced control adjusts
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FIGURE 17. Comparison of the grid-connected power.

the power commands continuously to optimize the control
of the SOC, which further improves the SOC level of the
SMES and effectively prevents the SOC from triggering the
fuzzy rules. Thus, the proposed system-level control has a
better ability to keep the SOC within a relatively high range
and reserve space for subsequent charging or discharging.
Because the battery has a large capacity, SOCpgss changes
relatively slowly, the waveform of the SOCgEgss is not given
here.

Since the optimized control of the SOC at the system
level is achieved by reducing or increasing the grid-connected
power of the wind farm, the grid-connected power with the
system-level control is compared to the ideal grid-connected
power with no control and the grid-connected power with
only fuzzy control in Fig. 17. The adjusted power for regu-
lating the SOC is very small compared to the grid-connected
power, and the impact of the system-level control on the
power system is almost negligible. Thus, the HESS with the
system-level control provides an efficient grid connection for
the wind farm.

IV. CONCLUSION

This paper focused on developing coordinated control
strategies for a HESS based on SMES and BESS. The con-
clusions of this study are as follows:

1) For the HESS with nonlinear characteristics, the results
reveal that the proposed ES control has better robust-
ness than the traditional PI control and greatly reduces
the difficulty of parameter tuning. Additionally, the
THD of the AC-side voltage and AC-side current of the
ESSs are effectively reduced, inspiring new research
ideas for improving the output characteristics of HESSs
and the dynamic response performance of the system.

2) EMD is used for the initial power allocation and over-
comes the time lags caused by the conventional inertia
filter method. Hence, EMD provides a considerable
method that utilizes the different power and energy
characteristics of the SMES system and BESS.

3) By considering the real-time and future SOC levels,
the fuzzy control and the advanced control proposed
at the system level optimize the SOC and realize the
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secondary power allocation. The simulation results
demonstrate that the proposed system-level control
strategy can achieve reasonable power allocation and
effectively optimize the SOC. The HESS can effec-
tively smooth the grid-connected wind farm power and
provide an efficient grid connection for the wind farm.

4) Future research will be conducted on the capacity allo-

cation of the HESS, and the relationship between the
economic cost of the energy storage devices and the
stabilizing effect of the wind power will be analyzed.
In addition, an experimental prototype of the proposed
HESS will be developed in the future.
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