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Abstract. To achieve the desired prescribed dynamic and steady-state responses, a pre-
scribed performance control strategy is proposed in electric vehicle system, whose power
system is hybrid energy storage system (HESS). The strategy also adopts adaptive control
to estimate unknown parameters. Firstly, mathematical models of HESS are derived and
the unknown parameters are defined. Secondly, according to the working characteristics
of energy storage units (ESUs), battery and supercapacitor are responsible for supplying
power to load in different situations. Then, the performance function is considered as
a prescribed range for the current tracking error and the corresponding error transfor-
mation is introduced. Meanwhile, under the projection operator adaptive law, unknown
parameters can be estimated and control laws can be obtained. In addition, the whole
system including models and controller is proved to be stable. Finally, simulation results
show the effectiveness and superiority of the proposed control strategy.
Keywords: Battery, Supercapacitor, Projection operator, Adaptive law, Prescribed
performance control

1. Introduction. With the common development of traditional industry and energy
industry, many new problems have arisen such as environmental pollution, energy shortage
and low utilization rate of new energy [1, 2]. To improve these conditions, different
industries are experimenting and innovating. However, no matter which direction of
research and development, the storage and use of energy are the core direction. Because of
the limitations of a single ESU, the combination of two or more ESUs with complementary
approaches can play a better role in more working environments [3, 4].

Depending on the combination of ESUs, HESS mainly includes the following types: fuel
cell-supercapacitor, battery-supercapacitor, fuel cell-battery-supercapacitor, etc. [5, 6, 7].
Fuel cell (FC) offers two main advantages: higher efficiency and zero pollution, but its
negative aspects are also apparent. In the process of use, FC cannot recover excess energy
and the catalyst requirements are also high. Battery-supercapacitor system is widely
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applied on account of technical maturity and wide availability. Because the battery has a
relatively low power density per unit cell compared with other energy storage devices, it
can be damaged by high peak power or rapid charging/discharging. Supercapacitor (SC)
has a high power density, which can provide rapid power fluctuations without a dramatic
reduction to protect the battery when large magnitudes and rapid fluctuations in power
appear. So in battery-supercapacitor system, battery, serving as the main power source,
is efficient at supplying low and steady load power; SC, serving as the auxiliary power
source, recovers from rapid power fluctuations [8]. Schematic of the system architecture
can be shown in Figure 1, battery and supercapacitor pass through the DC-DC converters
separately and then together supply power to the motor.

DC-DC 

converter
Battery

Supercapacitor
DC-DC 

converter

Inverter

Motor
HESS

Figure 1. Schematic of the system architecture

There are two main research directions of HESS, that is, energy management and control
strategy. The idea of energy management is mainly based on the physical property of ES-
Us, aiming at optimizing allocation. One of the hottest research directions at the moment
is the combination with artificial intelligence in order to achieve the goal of low cost and
high efficiency [9, 10, 11, 12, 13], but these methods require large amounts of data, so this
paper chooses simple distribution methods [14]. Recently, many control strategies of HES-
S are put forward. In [15, 16], based on sliding-mode control, a Lyapunov-function-based
controller is proposed to regulate the DC bus voltage and battery and supercapacitor cur-
rents. The sliding mode controller can overcome the uncertainty of HESS and has strong
robustness against interference, but it may generate chattering when the state trajectory
reaches the sliding mode surface. In [17], a state machine strategy is proposed based on
droop control aimed to coordinate multiple power sources and avoid the transients and
rapid changes of power demand in a hybrid powertrain configuration. Droop control is
the main control strategy for off-grid operation of micro grid. However, according to the
current literature, it cannot control the hybrid energy storage system well. In [18], cen-
tralized control with high-/low-pass filter is proposed for system net power decomposition
and power dispatch. Hierarchical control composed of both centralized and distributed
control is proposed to enhance system reliability. However, centralized control has lower
reliability and slower speed of response and distributed control has lower system control
accuracy. Therefore, high-/low-pass filter is used for power distribution. In [19], a proce-
dure for the design of a near-optimal power management strategy is proposes to improve
efficiency and durability. In [20], a control strategy is proposed to smooth the output
power of a wind energy system using battery energy storage system, which consists of a
fuzzy controller and grid side controller, etc.
However, most references above focus on the study of the steady state performance

of the system, ensuring that the tracking error of the system converges to a bounded
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region or asymptotically converges to the origin; while the transient performance, that
is overshoot and convergence rate, lacks the analysis and design tools of the system.
There are many nonlinear control methods for considering steady-state and transient
performance, such as [21, 22]. Under the background of the lack of research on improving
control performance of existing control methods, Bechlioulis and Rovithakis put forward
the concept of prescribed performance, which takes account of both steady and transient
performance of the system [23]. Since then, prescribed performance control has been
further studied [24, 25, 26]. In [24], a robust dynamic surface controller is proposed
with prescribed performance to improve nonlinear feedback systems robustness. In [25],
a low-complexity, static and continuous controller is proposed for a class of uncertain,
multi-input, multi-output nonlinear systems in order to meet industrial requirements. In
[26], the prescribed performance function has been improved to compensate the saturation,
mainly changing predetermined performance index to the system convergence time. Based
on the mathematical models of the system, HESS is an MIMO nolinear system. So the
prescribed performance control can ensure that the tracking error converges to a preset
arbitrary small area, the convergence speed and overshoot are guaranteed to meet the
preset conditions. There are many methods to estimate unknown parameters, this paper
uses adaptive control and projection operator adaptive update laws to achieve dynamic
estimation [27, 28].

An HESS with prescribed performance control and adaptive control is proposed in
this paper. Based on the energy management strategy, the power of the two parts can
be obtained, which can provide reference currents. Because the initial control object is
the error between the reference value and the actual value, the prescribed performance
control needs to go through error transformation to get the new control object. In practice,
the values of resistances, inductances and capacitances are not constant, so they can be
expressed as variables, which are estimated by projection operator adaptive update law.
The controller can be obtained by Lyapunov function and adaptive update laws. The
HESS with prescribed performance control strategy is proved to be stable.

The contributions of the proposed control scheme are summarized as follows. Firstly,
the unknown parameters in the system are estimated by adaptive control which adopts
adaptive update laws. Besides, prescribed performance control is used to guarantee the
transient and steady-state performance. Meanwhile, the controller can be designed by
the constraint condition. Finally, as one of nonlinear systems control methods, prescribed
performance control can be effectively used in HESS. It is proved that this kind of control
can be well used in practical system.

The remainder of this paper is organized as follows. In Section 2, the HESS model is
divided into three parts: model of battery operation, model of supercapacitor operation
and model of hybrid energy storage system. Each model is described in detail. In Section
3, energy management strategy, prescribed performance control and error transformation
are given as control design which contains the idea of adaptive control. The effectiveness
of the control strategy is verified by Section 4. In Section 5, some conclusions can be
drawn from the controller and simulation results.

2. The HESS Model. The topological structure of HESS is illustrated in Figure 2. Bat-
tery and supercapacitor are used as ESUs. The working mode of two DC-DC converters
is controlled by changing each insulated gate bipolar translator (IGBT) switching duty
ratio. SC stands for short of supercapacitor; V1, V2, V3 and V4 are IGBTs; L1 and L2

are inductances, R1 and R2 are resistances, C is capacitance; uB and uSC are the voltage
of battery and SC, iB and iSC are the current of battery and SC, uO and iO are output
voltage and output current of HESS.
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Figure 2. Topological structure of the HESS

2.1. Model of battery operation. Battery can work in two states, which is controlled
by m12. When it is in discharging state, the current direction of iB is shown in Figure 2
and the switch of IGBT V1 turns on and V2 turns off. When it is in charging state, the
iB flows to the battery and the switch of IGBT V1 breaks and V2 connects. According to
Kirchhoff laws, the charging and discharging state of the battery can be represented by
the following model:

m12 =

{
1−m1, i∗B > 0
m2, i∗B < 0

(1)

diB
dt

= −R1

L1

iB +
1

L1

uB − m12

L1

uO (2)

i1 = m12iB (3)

where R1 and L1 are resistance and inductance parameters in a circuit. m1 andm2 are the
duty cycle of pulse width modulation (PWM) signal. Speaking separately, m1 represents
PWM control signal of IGBT V1 and m2 represents PWM control signal of IGBT V2. m1

and m2 have a value of 0 or 1. i∗B means the current reference of battery. By judging
positive or negative value of i∗B, m1 and m2 can be related with m12.

2.2. Model of supercapacitor operation. When i∗SC > 0, DC/DC converter works in
Boost state, supercapacitor discharges; when i∗SC < 0, DC/DC converter works in Buck
state, supercapacitor charges. The equations of charge/discharge state of supercapacitor
can be obtained:

m34 =

{
1−m3, i∗SC > 0
m4, i∗SC < 0

(4)

diSC
dt

= −R2

L2

iSC +
1

L2

uSC − m34

L2

uO (5)

i2 = m34iSC (6)
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where i∗SC means the current reference of supercapacitor and determines the value of m34.
m3 and m4 represent the continuous duty cycle signal of PWM control input respectively.

2.3. Model of hybrid energy storage system. According to the equations above, the
mathematical models of HESS can be obtained:

diB
dt

= −R1

L1

iB +
1

L1

uB − m12

L1

uO (7)

diSC
dt

= −R2

L2

iSC +
1

L2

uSC − m34

L2

uO (8)

duO
dt

=
m12

C
iB +

m34

C
iSC − 1

C
iO (9)

The parameters R1, R2, L1, L2 and C are not constant in practice because of the
dynamic change. Set these parameters as unknown values and define them as follows:

σ1 =
1

L1

=
1

L2

, σ2 =
R1

L1

=
R2

L2

, σ3 =
1

C
(10)

Putting Equation (10) into the models (7), (8) and (9), the HESS models can be
converted to

dX1

dt
= −σ2X1 −m12σ1X3 + σ1uB (11)

dX2

dt
= −σ2X2 −m34σ1X3 + σ1uSC (12)

dX3

dt
= m12σ3X1 +m34σ3X2 − σ3iO (13)

where X1, X2 and X3 mean iB, iSC and uO, respectively. In models (11), (12) and (13),
the HESS is a nonlinear system, m12 and m34 are the controller of HESS, which provide
effective PWM waves. And Equation (13) shows uO is related to iB, iSC , m12, m34 and
σ3, so the control method needs to be selected according to the situation.

3. Control Design.

3.1. Energy management strategy. This part mainly arranges the power situation
of each ESU according to the physical characteristics. Battery is one kind of energy
storage medium and has higher energy density and lower power density. Unlike battery,
supercapacitor is power storage media, which is low energy density and high power density.
When in stable working state, battery plays a leading role, but in high rate of charge and
discharge, supercapacitor provides peak power.

The power relationship between ESUs and load is gained below:

PBref + PSCref = PLoad (14)

where PLoad is the load required power, PBref is battery reference power, and PSCref is
the reference power of supercapacitor. PBref and PSCref are simply distributed through a
filter. Meanwhile, the current reference values i∗B and i∗SC are written as

i∗B =
PBref

uB

i∗SC =
PSCref

uSC

(15)
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3.2. Prescribed performance control and error transformation. Taking iB, iSC
and uO as control objects, the tracking error variables e1, e2 and e3 are defined as

e1 = X1 − i∗B (16)

e2 = X2 − i∗SC (17)

e3 = X3 − u∗O (18)

where the meaning of u∗O is different from i∗B and i∗SC . uO is the HESS model output
voltage and u∗O can affect the size of uO. In PLoad = uOiO, if PLoad and uO are determined
values, iO is certain. iB + iSC = iO, so iB and iSC are coupled to each other. e1 and e2
can be controlled by prescribed performance control, and e3 can be controlled by virtual
controller.
According to [26], performance functions can be used as the performance bounds to

constrain the control objects and achieve the desired control objectives. The accepted
concepts are as follows.

Definition 3.1. A smooth function ρ(t) : R+ → R+ will be called a performance function
if: 1) ρ(t) is positive and decreasing; 2) lim

t→∞
ρ(t) = ρ∞ > 0.

Under the requirement of Definition 3.1, ρ(t) is commonly expressed as

ρ(t) = (ρ0 − ρ∞)e−kt + ρ∞ (19)

where ρ0, ρ∞ are positive constants and ρ0 > ρ∞. As the decreasing rate of exponential
form, k is positive constants and provides the minimum convergence speed.
Tracking errors are constrained by performance functions, which can meet the following

conditions: {
−δiρi(t) < ei(t) < ρi(t), if ei(0) ≥ 0
−ρi(t) < ei(t) < δiρi(t), if ei(0) < 0

(20)

where 0 ≤ δi ≤ 1. According to the value of ei(0), the constraint condition of ei(t)
is divided into two cases. Equation (20) cannot be used directly in the controller, so
error transformation system is needed to change constrained problem into an equivalent
unconstrained one. The error transformation function is defined as

ei(t) = ρi(t)Li(εi) (21)

where ei(t) is tracking error, ρi(t) is performance function, εi is the transformed error,
and Li(εi) is a function of the transformed error, which is a smooth, strictly increasing
and invertible function. And the function Li(εi) is defined as follows:{

−δi < Li(εi) < 1, if ei(0) ≥ 0
−1 < Li(εi) < δi, if ei(0) < 0

(22)

where the transformed error εi ∈ (−∞,+∞). If ei(0) ≥ 0, lim
ε→−∞

Li(εi) = −δi, lim
ε→+∞

Li(εi)

= 1. Otherwise, lim
ε→−∞

Li(εi) = −1, lim
ε→+∞

Li(εi) = δi.

According to the above conditions, the function Li(εi) can be obtained:

Li(εi) =


eεi − δie

−εi

eεi + e−εi
, if ei(0) ≥ 0

δie
εi − e−εi

eεi + e−εi
, if ei(0) < 0

(23)
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From Equations (21) and (23), εi can be rewritten as

εi = Li
−1

(
ei(t)

ρi(t)

)
=


1

2
ln
zi + δi
1− zi

, if ei(0) ≥ 0

1

2
ln
zi + 1

δi − zi
, if ei(0) < 0

(24)

where zi =
ei(t)
ρi(t)

. The derivative of εi is

ε̇i =
∂L−1

i

∂ (ei/ρi)

1

ρi

(
ėi −

ρ̇iei
ρi

)
= hi (ėi − vi) (25)

where hi =
∂L−1

∂(ei/ρi)
1
ρi
, vi =

ρ̇iei
ρi

.

3.3. System stability analysis. Defining the adaptive estimation error:

σ̃i = σ̂i − σi, i = 1, 2, 3 (26)

where σi and σ̂i mean actual and reference values of adaptive estimation, respectively.
The prescribed performance control is mainly used to limit the errors, so e1 and e2 are

replaced by the corresponding transformed error. For errors and unknown parameters,
the Lyapunov function can be constructed as

V =
1

2h1
ε1

2 +
1

2h2
ε2

2 +
1

2
e3

2 +
1

2r1
σ̃2
1 +

1

2r2
σ̃2
2 +

1

2r3
σ̃2
3 (27)

Taking the known equations into the derivative of Equation (27) with respect to time,
the derivative equation is simplified into

V̇ = ε1(ė1 − v1) + ε2(ė2 − v2) + e3ė3 +
σ̃1 ˙̃σ1
r1

+
σ̃2 ˙̃σ2
r2

+
σ̃3 ˙̃σ3
r3

= ε1
(
−σ̂2X1 −m12σ̂1X3 + σ̂1uB − i̇∗B − v1

)
+ ε2

(
−σ̂2X2 −m34σ̂1X3 + σ̂1uSC − i̇∗SC − v2

)
+ e3 (m12σ̂3X1 +m34σ̂3X2 − σ̂3iO − u̇∗O)

+ σ̃1

(
1

r1
˙̂σ1 + ε1 (m12X3 − uB) + ε2 (m34X3 − uSC)

)
+ σ̃2

(
1

r2
˙̂σ2 + ε1X1 + ε2X2

)
+ σ̃3

(
1

r3
˙̂σ3 + e3 (−m12X1 −m34X2 + iO)

)
(28)

where ˙̃σi = ˙̂σi− σ̇i, i = 1, 2, 3, σi is slowly time-varying, so the value of σ̇i can be ignored.
Considering V̇ ≥ 0, the adaptive update laws are designed in order to satisfy the

stability requirements:

˙̂σ1 = r1proj (σ̂1,−ε1(m12X3 − uB)− ε2(m34X3 − uSC)) (29)

˙̂σ2 = r2proj (σ̂2,−ε1X1 − ε2X2) (30)

˙̂σ3 = r3proj (σ̂3, e3(m12X1 +m34X2 − iO)) (31)

where function proj (·) represents the projection operator, its role is to constrain parameter
estimates and its conclusion is divided into continuous and discrete cases [27, 28]. In this
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paper, HESS is a continuous system, so the conclusions of projection operator are as
follows:

Property 1 ψ̂ ∈ Ωψ
∆
=

{
ψ̂ : ψmin ≤ ψ̂ ≤ ψmax

}
Property 2 ψ̃

[
proj

(
ψ̂, τ

)
− τ

]
≤ 0, ∀τ

(32)

In order to meet Lyapunov stability theory, the first half of Equation (28) can be defined
as

−n1sgnε1 = −σ̂2X1 −m12σ̂1X3 + σ̂1uB − i̇∗B − v1 (33)

−n2sgnε2 = −σ̂2X2 −m34σ̂1X3 + σ̂1uSC − i̇∗SC − v2 (34)

−n3sgne3 = (m12X1 +m34X2 − iO)σ̂3 − u̇∗O (35)

where n1 > 0, n2 > 0 and n3 > 0. And sgn(·) is expressed as

sgn(x) =

{
x/ |x| x ̸= 0
0 x = 0

(36)

where by the transformation of Equations (33), (34) and (35), the following conclusions
can be obtained:

m12 =
1

σ̂1X3

(
n1sgnε1 − σ̂2X1 + σ̂1uB − i̇∗B − v1

)
(37)

m34 =
1

σ̂1X3

(
n2sgnε2 − σ̂2X2 + σ̂1uSC − i̇∗SC − v2

)
(38)

u̇∗O = (m12X1 +m34X2 − iO) σ̂3 + n3sgne3 (39)

Combining the above equations, V̇ can be limited to the following:

V̇ ≤ −n1 |ε1| − n2 |ε2| − n3 |e3| ≤ 0 (40)

This implies that the transformation errors ε1, ε2 and tracking error e3 are asymptoti-
cally stable with the implement of the proposed controller.

Remark 3.1. According to Equation (40), the transformation errors ε1, ε2 and tracking
error e3 are asymptotically stable, which guarantees εi will converge to 0. If the parameter
δi is selected as 0, εi will reach infinity. So based on Equation (24), the time response of
e1 and e2 are uniformly ultimately bounded.

4. Simulink Results and Analysis. In this section, the HESS with the proposed pre-
scribed performance control strategy is built in MATLAB/Simulink software environment
to demonstrate the effectiveness of the proposed control strategy. The structure of the
whole system including the relationship between modules and variables is shown in Fig-
ure 3. From HESS, uB and uSC can be measured in HESS model and are the input of
energy management strategy model. iB and iSC are the output parameters of HESS and
represent the actual currents. i∗B and i∗SC are the output parameters of energy manage-
ment strategy model and represent the reference currents. The errors between actual and
reference currents are defined. Prescribed performance model determines the prescribed
performance functions according to the errors. Adaptive observer model passes the defi-
nitions of system’s unknown parameters to the controller. The controller model collects
the parameters and outputs m12 and m34 to HESS. The numerical values used in the
simulation are written in Table 1.
The corresponding conclusions can be obtained from the simulation results. The load

power distribution can be shown in Figure 4, which generally has two scenarios. When
PLoad is positive and has no high-frequency power, this means that system is powering
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Figure 3. The structure of the prescribed performance control and adap-
tive control for the HESS

Table 1. The parameters of HESS and the proposed control scheme

Factors Parameters Value

Model parameters

battery 200Vdc, 100Ah, Li-Ion
supercapacitor 200Vdc, 2000F

L1, L2 3.3mH
R1, R2 20mΩ
C 16mF

Gains of controllers
n1 18000
n2 18000
n3 10000

Gains of prescribed performance

k1, k2 1.5, 3
ρ10, ρ20 50, 10
ρ1∞, ρ2∞ 4, 1
δ1, δ2 0.5, 0.5

Gains of adaptive law r1, r2, r3 0.2, 0.2, 0.2

the load; when its parameter is negative, it indicates that the system is in the state of
absorbing power or automobile braking condition. Whatever the case, battery and SC
are responsible for providing different power according to their physical properties. The
actual power distribution is shown in Figure 5. In the starting time, the initial values of
prescribed performance are large, so the power varies a lot. When it runs for a while, PB
and PSC are consistent with Figure 4. The curve of PB changes obviously and the curve of
PSC has no obvious changes, but they both meet the set power distribution requirements.

From Figures 6 and 7, the tracking curves of iB and iSC can be respectively compared.
At the initial time, the tracking effect is poor due to the initial value of prescribed per-
formance. However, after a while, the current iB varies up and down i∗B, which means
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the current iB can follow up i∗B. In Figure 7, iSC also tracks i∗SC well. The timeliness and
accuracy of current tracking indicate that the control performance of the system is good.
In Figures 8-10, e1, e2 and e3 are respectively shown. The tracking errors e1 and e2 drawn
in Figures 8 and 9 further reveal the favorable tracking performance with tiny error. e1
and e2 are located in the prescribed range which means that the defined prescribed per-
formance functions play a good control role. In addition, the voltage tracking error e3
is large at the beginning of operation but is almost zero after stabilization in Figure 10.
Therefore, e3 is in line with the expected control effect.

In Figure 11, uO is around 400 volts, which means HESS can output a relatively stable
voltage in the case of load power variation. This makes practical sense for the electric
vehicle.

5. Conclusions. In this paper, a hybrid energy storage system with prescribed perfor-
mance control is proposed. The control strategy contains energy management strategy,
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Figure 11. The tracking effect on DC link voltage uO

prescribed performance control and error transformation. First, the uncertain parameters
in the system are represented by a projection operator and estimated by an adaptive law.
Second, the transient and steady-state performance of parameters is guaranteed by pre-
scribed performance control. Then, the control strategy ensures that the each tracking
error converges to a predetermined arbitrary small area and the convergence speed and
overshoot meet the predetermined conditions. In the following work, the working environ-
ment and performance characteristics of battery and supercapacitor will be investigated.
On this basis, efficient and timely energy management strategy will be researched.
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