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Abstract: Battery/Supercapacitor(SC) current tracking control is a key issue for hybrid energy 

storage system (HESS) in electric vehicles. An innovative passivity-based L2-gain adaptive control 

(PBL2AC) based on port-controlled Hamiltonian model with dissipativity (PCHD) for reference 

current tracking and bus voltage stability in HESS is presented. The developed PCHD model has 

considered both parameter variations and external disturbances. By using L2-gain disturbance 

attenuation, the PBL2AC ensures robust reference current tracking and stable bus voltage. 

Moreover, adaptive mechanism is adopted to estimate the electrical parameters. To validate the 

proposed control scheme for HESS, simulations and experiments were done and compared with 

traditional PID and sliding mode control under several typical driving cycles, and results show 

that the effectiveness of the proposed controller can be confirmed. 

Keywords: hybrid energy storage system; L2-gain disturbance attenuation; passivity-based control; 

port-controlled Hamiltonian model 

 

1. Introduction 

Hybrid energy storage system (HESS) have played a significant role in the energy provision 

and economic benefit of hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), 

and pure electric vehicles (pEVs) due to its strong adaptability to the pulsating change in the 

required power of the vehicle [1-3]. Among different energy storage devices, the battery and the 

supercapacitor (SC) are most suitable for EVs. Generally, batteries have high energy density to 

provide enough energy needed by long driving distance; while their power density is insufficient to 

supply high pulse power. Compared to batteries, SC has a much higher power density and its life is 

much longer (>1 million cycles). What’s more, SC can provide fast and pulsating energy output [4,5]. 

Therefore, by combination of the battery and the SC to form the HESS for EVs, high energy density 

and power density can be obtained simultaneously as well as the life span of the battery is prolonged 

[6,7].  

Many topologies have been developed to combine the battery and the SC to form certain kind of 

HESS [8-10]. Generally, these topologies can be concluded into three major types: passive, 

semi-active, and fully-active. In the passive structure of HESS, the battery and the SC are directly 

connected in parallel as in Fig.1, where neither the DC-DC converter A or the B are valid. Although 

this structure is simplest, the battery and the SC are not controlled due to the lack of the converter, 

and the voltages of the battery and the SC must be equal. The power distribution between battery 

and SC is entirely dependent on their internal resistances. The SC can only output or receive power 

when the load power is abrupt, and its power compensation capability is limited. In the semi-active 

structure of HESS, the battery (or SC) is connected in series with the DC-DC converter and then 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 April 2020                   

©  2020 by the author(s). Distributed under a Creative Commons CC BY license.

http://creativecommons.org/licenses/by/4.0/


 2 of 23 

connected in parallel with the SC (or battery), where either the DC-DC converter A or the B is valid. 

Since this structure utilizes only one DC-DC converter, whose voltage is determined by the SC (or 

battery) voltage, it is a good compromise between performance and cost, and has been employed in 

many applications. In the fully-active structure of HESS, the battery and the SC are each connected 

in series with a DC-DC converter and then connected in parallel, where both the DC-DC converter A 

and the B are valid. This structure covers all the advantages of two semi-active structural HESS, with 

greater flexibility and regulation. Although the dual DC-DC converter makes the control difficult, it 

is the only option for some applications [11,12], where the DC-link voltage is required to keep stable. 

For this purpose, the fully-active topology is considered in this work.  
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Figure. 1.  Three kinds of structure of HESS. Passive: converters A and B are invalid; Semi-active: either 

converter A or B is valid; Fully-active: both converter A and B are valid.  

The focus research in HESS is how to split the required power into the power supplies (batteries, 

SCs and others) in a cheap and efficient way. Consequently, most of the developed schemes devoted 

to design various energy management strategies (EMSs) [13-18], which act as upper control to 

output reference current/power, only few of designs consider the interactions among different 

components in HESS to implement the lower tracking control [19,20]. However, the HESS won’t 

perform as well as the EMS desires once the interactions are not taken into consideration, and the 

current/power output from the battery/SC may not precisely equal that of the designed tracking 

control loop. Thus, the developed EMSs scheme won’t operate as expected if the underlying control 

design is lack or unwell-behaved.  

Mebarki et al. studied the passive HESS with proton exchange membrane fuel cell (PEMFC) and 

a battery bank for electric vehicle [21]. Tang et al. established the mathematical model of parallel 

connection of the battery and the supercapacitors, and quantitatively analyzed the improvements of 

HESS performance and its influencing factors [8]. Camara et al. designed a new control for a 

semi-active HESS with battery and SC used in Hybrid vehicles [22]. Wang et al. proposed a new 

multimode HESS (semi-active) which can choose proper operating modes according to the driving 

modes of the EV and the status of the power sources [23]. Fadil et al. dealt with the problem of 

controlling a HESS for electric vehicles with fuel cell and SC [24]. After considering converters' 

large-signal dynamics and FC’s nonlinear characteristics, a nonlinear model and a nonlinear 

controller is developed based on Lyapunov stability design techniques. In the micro-combined heat 

and power generation system, Wang et al. proposed a novel control scheme for domestic HESS with 

battery and SC [25]. The reference current and low frequency power of the battery are determined 

according to the the low frequency component of the SC voltage. Song et al. proposed a 

Lyapunov-function based control scheme with two classical sliding mode controllers (SMC) for a 

fully-active HESS based on a 5th-order averaged model [20]. However, all the above works 

neglected the parameter variations or disturbances either lied in the system or generated from the 

outside. Since the driving conditions of HEV are various and time-varying, thus, the underlying 

control performance (current or voltage) may not be satisfied or optimal in real application.   

 To effectively adjust the parameter values, Choi et al. presented an optimal EMS scheme for 

active HESS based on the multiplicative-increase additive-decrease principle and a feasible optimal 

solution is obtained [19]. Xu et al. developed a terminal sliding mode controller with adaptive laws 

for the HESS with fuel cell, battery, and SC [26]. The unknown system parameters can be efficiently 
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estimated dynamically by the proposed projection operators and no specific parameter is involved. 

To obtain the optimal power distribution in different temperatures, SoC and driving cycles, a 

reinforcement learning (RL)-based EMS is developed with satisfied adaptability and robustness  

[27]. In [28-30], disturbance rejection and disturbance observer based controls are proposed for 

PEMFC and battery/SC system in HEVs, respectively. In [31,32], the advanced predictive control is 

also applied into EMS.  

The port controlled hamiltonian (PCH) model, initially proposed by van der Schaft [33], has 

been widely researched in numerous works [34]. PCH systems provide a design framework for 

many mechanical-electrical systems such as fuel cell [35], wind turbine [36], power system [37], 

PMSM motor [38] and mechanical systems [39]. Ortega introduced a new energy-shaping and 

damping injection scheme to PCH systems based on the passivity-based control (PBC) [40]. In [41], 

the original system is converted into a PCH model, and the disturbance-rejection controller is 

designed through interconnection and damping assignment (IDA) method. Wu et al. presented a 

PCH based strong tracking control of HESS system for power coordinated allocation in spit of the 

load change of the HEV [42]. Benmouna et al. developed the mathematical modeling using PCH 

approach and designed a smart EMS in HEV in presence of EC faults with the stability guarantee  

[43]. However, to our best knowledge, for HEV there are few works in the literature on application 

of PCH theory into the HESS systems with SC and battery.  

Motivated by above discussion, in this paper, the L2-gain adaptive robust control (PBL2AC) 

based on port-controlled Hamiltonian model with dissipativity (PCHD) is developed for the HESS. 

It has the following characteristics: (i) According to the dissipative structural characteristics and 

energy balance of HESS, state space average model (SSAM) and the error dynamic system of the 

PCHD model of HESS with the battery and the supercapacitor considering the influence of external 

disturbance and parameter perturbation are established; (ii) The energy storage function of the error 

dynamics is obtained according to the requirements of parameter perturbation compensation. Base 

on this, a new adaptive L2 gain control method is designed, where the adaptive parameter control is 

used to compensate the component parameter perturbation and the L2 gain control is used to 

suppress the external interference. The developed HESS control can track the reference battery/SC 

current and keep the bus voltage constant as well as ensure the asymptotic convergence and the 

robust tracking of HESS. To the best of our knowledgy, the idea is novel and first contributed to the 

underlying control of HESS for HEV.  

The rest of the paper is organized as follows: In Section 2, the SSAM model and the PCHD of 

HESS are formulated. Section 3 develops the detailed design of the proposed PBL2AC control 

scheme. In Section 4, the proposed PBL2AC controller is tested and compared with the PID and the 

SMC controllers under several typical driving cycles. The effectiveness and robustness of PBL2AC 

are validated and analyzed. Conclusions are made in Section 5. 

2. PCHD model of the HESS system for HEV 

Considering cost and efficiency, the fully-active HESS is selected in this work for HEV, and its 

circuit diagram is shown in Fig 2, which consists of a battery pack, a supercapacitor pack, two sets of 

bi-directional DC/DC converter, a DC/AC inverter and an electrical motor. The SC is connected in 

series with the DC/DC converter and then connected to the load in parallel with the battery. The 

battery is used as the main energy source, and the output power is directly applied to the load to 

maintain the load side voltage stability. The supercapacitor is used as an auxiliary energy source and 

is connected to the vehicle load through a DC/DC converter to provide peak power to the load and 

recover braking energy [44]. This structure can enable supercapacitor work in wider voltage range 

and restrain in the damage of voltage fluctuation and peak current to the battery.  

The required power of the vehicle load is Pdem, and is assumed to be predicted. Thus, the load 

can be modeled as a current source with varying current im. The DC-DC converters consist of two 

Insulated Gate Bipolar Translators (IGBTs), a inductor and a communal capacitor, and. The two 

IGBTs perform synchronously.  
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Figure 2.  The circuit of the fully-active HESS in this work.  

2.1. The state space average model of HESS 

Based on Kirchhoff's circuit theory, the circuit model of the hybrid energy storage system in EV 

in Fig.2 is given by the following equation 

 

E1 1 1 dc

2 2 2 dc sc

dc
dc 1 1 2 2

sc
sc 2

m

sc

sc

L i V u V

L i u V V

V
CV i u i u i

R

V
C V i

R

 = −


= − +

 = − + +



= − −


&

&

&

&

, (1) 

where the symbol " x" represents the first derivative of the variable x with respect to time; the 

control signals of the switches S1 and S2, S3 and S4 are u1, u2 = [0, 1], where ui = 1 indicates that the 

switch is on, and ui = 0 indicates that the switch is off, i=1, 2; it should be noted that the control 

signals of the switch S1 and S2, S3 and S4 are complementary; VE, Vdc, Vsc are the nominal 

electromotive force of the battery, the capacitor output voltage of the bus, and the supercapacitor 

voltage; L1, L2 is the inductance of the inductors; C and Csc are the capacitance values of the bus 

capacitor and the supercapacitor, respectively; i1, i2, and im are the first inductor, the second inductor, 

and the vehicle load current respectively; R, Rsc are the internal resistance values of the bus capacitor 

and the supercapacitor, respectively. 

During the actual driving of the vehicle, the parameter values of the circuit components are 

prone to perturbation with the influence of temperature rise, noise, working frequency and other 

conditions; and the aging of the equipment itself is also attenuated, so that the inductance and 

capacitance value L1, L2, C and Csc are difficult to accurately pre-acquire or determine. To describe 

this time-varying characteristic, the inductance and capacitance values are expressed as follows: 

1,n1

2,2

n

sc,nsc

0 0 0

0 0 0

0 0 0

0 0 0

n

LL

LL

CC

CC

  
  
   =
  
  

   

θ , (2) 

 

where L1,n, L2,n, Cn and Csc,n are the known nominal values of the electrical parameters; θ=[θ1, 

θ2, θ3, θ4]T is the unknown parameter vector, θi is the element of θ, i=1,2,3,4. 

In addition, due to changes in road conditions and electrical interference in vehicle drivin

g, the HESS should also consider various external interference. Assuming that the external int

erference vector is d(t)=[d1,d2,d3,d4]T, di is the element component of the interference vector, i=1,

2,3,4; By substituting Eq. (2) into Eq. (1), the state space averaging model (SSAM) of the on-b

oard HESS under various external disturbances and system parameters perturbation is: 
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E1,n 1 1 1 dc 1

2,n 2 2 2 dc sc 2

dc
n 3 dc m 1 1 2 2 3

sc
sc,n 4 sc 2 4

sc

L i V u V d

L i u V V d

V
C V i u i u i d

R

V
C V i d

R









 = − +


= − + +

 = − + + +



= − − +


&

&

&

&

, (3) 

2.2. The port-controlled Hamiltonian model of HESS 

The energy storage function H and the energy dissipative function Hr of HESS are defined as 

T1
( )

2
H =x x Qx , (4) 

T

r

1
( )

2
H =x x Dx  (5) 

 

Where the diagonal matrix 
1 2 scd { , , , } 0iag L L C C= Q , the adjustment matrix for the damping 

parameter 1, 1

scd {0,0, } 0iag R R− −= D , x is the state vector. 

It can be found from Eq. (4) that the energy storage function of the on-board hybrid energy 

storage system is the sum of the inductor energy storage and the capacitor energy storage of the 

system, and the dissipated energy is the sum of the electric energy consumed by the bus 

capacitance resistance and the super capacitor resistance. 

By calculating the partial differential for Eq.(4), we have 1 T

1 2 dc sc( ) [ ]
H

Q i i V V−
= =


x x

x
; 

therefore, it is derived that the port-controlled Hamiltonian model with dissipativity (PHCD) of the 

hybrid energy storage system is: 

 
( )

( ) ( ) ( )
H

g t


= − + +


x
x J u D x,u Kd

x
& , (6) 

where the state vector x, the input function ( )g x,u  and the coefficient matrix ( )J u , D , K are as 

following:  

x=[L1i1  L2i2  CVdc  CscVsc]T 

T

1 2 3 4( ) ( )g g g g g=x,u , with 1 Eg V= ， 2 0g = ， 1

3 m dcg i R V−= − ， 4 0g =  

1

2

1 2

0 0 0

0 0 1
( )

0 0

0 1 0 0

u

u

u u

− 
 

−
 =
 
 

− 

J u
, 

1

1

0 0 0 0

0 0 0 0

0 0 0

0 0 0 sc

R

R

−

−

 
 
 =
 
 
 

D
, {1,1,1,1}diag=K ; 

It can be seen that the interconnect coefficient matrix T( ) ( )= −J u J u  is an anti-symmetric matrix 

and thus satisfies T ( ) 0=x J u x . The damping parameter 0D  is a positive definite diagonal 

matrix. 

3. Passivity-based L2-gain adaptive control 
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3.1. The desired equilibrium of the system states  

In order to ensure stable operation of the hybrid energy storage system, the bus voltage should 

be kept constant. This work investigates the robust tracking of the battery/SC currents to the 

vehicle's required current while the bus voltage is stable, thus the control objectives are the 

following:  

(i) stabilization of the bus voltage;  

(ii) robust tracking of the battery/SC current. 

When the energy storage system is in steady state operation, the desired value of the system 

state is: 
T

scdc21 ],,,[=*  VViiv ; the state equilibrium is T

1 2 3 4[ ]x x x x    =x ; in steady state, after 

obtaining the vehicle states and the sensed signals, the desired battery current 1i


 is calculated, and 

the bus capacitor voltage is stabilized at desired value simultaneously, that is 
dc dcV V = , 1 1i i= . at 

this time, the derivative of the state variable is equal to zero, that is 0
d

dt x x

=
=

x . Then, from Eq. (1), 

the desired steady-state values of the output voltage/current of the supercapacitor are calculated as 

following  

Edc
sc sc dc 1

dc

sc
2

sc

m

V V
V R V i i

R V

V
i

R


  






  
 = − + 
  



= −


, 
(7) 

The state equilibrium of the system can be obtained as following: 

T
1/2

Edc2
1 1 sc dc sc sc dc 1

sc dc

( )m

VL V
L i V CV C R V i i

R R V


     



  
 = − − + 
   

x , (8) 

Accordingly, the control input of the switches in steady state is E sc
1 2

dc dc

[ , ]
VV

u u
V V


 

 

 
=  

 

. 

3.2. L2-gain adaptive control (PBL2AC)  

Define the tracking error of the system states as following: 

e

= −x x x , (9) 

If there is external interference and parameter uncertainty, the tracking error is gradually 

approached to zero, that is 0e →x , the robust control target is achieved as 
T

1 2 3 4[ , , , ]x x x x = →x x . 

This work proposes the design of the nonlinear H∞ robust adaptive control, where the adaptive 

technique is adopted to identify the system parameters online, and the nonlinear H∞ technique is 

utilized to suppress the influence of external interference on the control performance at a satisfactory 

level γ. To achieve asymptotically tracking of desired state 


x , the desired energy function of the 

closed-loop system based on the tracking error is defined as: 

2 2 2 2

1 1 2 2 3 3 4 4

1 2

1 1 1 1
( ) ( ) ( ) ( ) ( )

2 2 2 2
d

sc

H x x x x x x x x
L L C C

   = − + − + − + −x , (10) 

From Eq. (10), it can be found that ( ) 0dH  =x at the equilibrium; while for any 

non-equilibrium point 
x x , we have ( ) 0dH x . By choosing the state tracking error as the new 
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state, the state equation (6) is transformed into a new dynamical system with considering external 

disturbance and parameter perturbation as following: 

  1( ) ( ) ( )e d eH t= −  + +x J u D x Ξ Kd& , (11) 

where the state partial derivative ( ) ( ) /d e d e eH H =  x x x , and the matrix 

1 ( ( ) ) ( ) ( )g = − − +Ξ J u D v F θ v x,u& , 
1,n 1 2,n 2 n 3 sc,n 4( ) { }diag L L C C   =F θ . 

Due to the time-varying perturbation of the system parameters, an online estimation of the 

parameters is required. Let T

1 2 3 4
ˆ ˆ ˆ ˆ ˆ( )   =θ  denote the estimated vector of parameters θ , and 

the corresponding time-varying parameter matrix is 
1,n 1 2,n 2 n 3 sc,n 4

ˆ ˆ ˆ ˆ ˆ( ) { }diag L L C C   =F θ . 

Rewrite Eq. (11) as the following : 

  2
ˆ( ) ( ) ( ) [ ( ) ( )]e d eH t = −  + + − −x J u D x Ξ Kd F θ F θ v& &, (12) 

where  2
ˆ( ) ( ) ( )g = − − +Ξ J u D v F θ v x,u& ；   

Given the penalty signal z and a disturbance attenuation level γ>0, after obtaining the damping 

adjustment parameter, the tracking error and the parameter estimation, the duty cycle of the 

DC-DC converter can be derived, and the PWM modulation waveform to control the switching 

action of the switching transistor is generated to perform the underlying voltage and current 

control.  

Let the penalty signal z be defined as follow： 

T ( ) ( )e d ez h G H= −   x x , (13) 

where ( )d eG H x

 

is the standard output of the Hamilton system, {1,1,1,1}G diag= ; is a matrix 

of weighting coefficients and (0) 0h = is satisfied. 

Before the controller design, the matrix is defined as  

T

2

1 1
|| ( ) ||

2 2
eh


= +Μ I x G I , (14) 

Theorem 1 gives the stability analysis and proof of the proposed PBL2AC control. 

Theorem 1. Consider the system (6) with the desired equilibrium x* and the penalty signal z in (13). 

For any given γ>0, the L2 disturbance attenuation objective is achieved by the following feedback control law 

E1 1 1 1 1 d 1 1

dc

1 ˆ ( )( )u V L i m r i i
V

  


 = − − + + −
 

, (15) 

Edc dc 1 d 3 d1 1 1
2 3 dc m 1 1 1 dc dc

2 2 dc dc dc 2

ˆ1 ˆ ( ) ( )
V V m r m ri LV

u C V i i i i V V
i R i V V V i




 
   

     

  + + +
= + − − − + − − −  

   

& & , (16) 

                 

with the adaptive law of the parameter and the regulated damping parameter is 
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1,n

1 1 1 1

1

2,n

2 2 2 2

2

n
3 dc dc dc

3

sc,n

4 sc sc sc

4

ˆ ( )

ˆ )

ˆ ( )

ˆ ( )

L
i i i

p

L
i i i

p

C
V V V

p

C
V V V

p









 

 

 

 


= − − 




= − − 


 = − − 




= − − 



& &

& &

& &

& &

, (17) 

( )d 1 sc sc sc 4 sc 4

sc sc

1 ˆCr i R V V m
V V

  


= + + −

−
& , (18) 

 

where Xe=diag{xe(1),xe(2), xe(3), xe(4)}, P=diag{p1, p2, p3, p4}>0, and mj is the j-th element in the 

diagonals of M, j=1,2,3,4.  

Proof.  Consider the following Lyapunov function  

1 ˆ ˆ( ) ( ) ( )
2

T

dV H= + −   −x θ θ Ρ θ θ , (19) 

It can be found in Eq. (13) that a energy term is introduced to depict the parameter estimation 

error θθ ˆ− , and this new energy function is defined as the Lyapunov function of the the state error 

system in Eq. (6). If the tracking error gradually approaches zero with external disturbance and 

parameter uncertainty, the robust control is achieved.   

By calculating the derivative on both sides of the Eq. (19),  one can obtain the following: 

( )
T Tˆ ˆ( ) ( ( ))d e eV H=  − − x x Ρ θ θ θ

&& & , (20) 

To estimate the time-varying parameter online, the adaptive law is designed as Eq. (17) and 

substitute Eq. (15) , (16) into Eq. (20) and after some simplification,one can obtain: 

( ) ( )
T T

2( ) ( ) ( ) ( ( ))d e d e d eV H H H t= −    +  +x D x x Ξ Kd& , (21) 

Based on the vector inner product inequality 

T T
T

2

+


a a b b
a b , combining Eq. (21) and Eq. 

(18) yields: 

( ) ( )

( ) ( )

( ) ( ) ( ) ( )

T T

2

T TT 2

2

T T 2 2 2

2

( ) ( ) ( ) ( ( ))

1 1
( ) || ( ) || ( ) ( ) ( ( )) || ||

2 2

1
( ) ( ) ( ) || ( ) || || ||

2

d e d e d e

d e e d e d e

d e d e d e

V H H H t

H h H H t z

H H H t z

= −    +  +

 
= −   −  +  + − 

 

 −   −  +  + −

& x D x x Ξ Kd

x D x G x x Ξ Kd

x D M x x Ξ d

, 
(22) 

where the notation ||.|| represents the Euclidean norm,   is the design parameter, and I is the 

unit matrix. 

Through state feedback, the additional damping is injected into the PCHD as following 

2 d( ) ( )d eR H= − + Ξ Μ x , (23) 

where the diagonal matrix d d d d d{r , r , r , r }diag=R is injected as the time-varying damping with 

the element dr 0 . 
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Hence, by substituting Eq. (23) into the right side of Eq. (22) and setting the non-negative 

definite function  

( ) ( )
T

( ) ( ) ( )e d e d d eW H H=   + x x D R x  , (0) 0W =  (24) 

Based on Lyapunov stability theory and , Eq. (24) means that the following γ-dissipation 

inequality holds:  

( )2 2 21
( ) || ( ) || || ||

2
eV W t z+  − −x d&   d , (25) 

This means the γ dissipation inequality holds and the Hamiltonian function Hd serves as the 

storage function for the closed loop system. As the La Salle-Yoshizawa Theorem pointed out in [45], 

the inequality (24) ensures the following performance: 1) the estimation error of the parameters will 

asymptotically converge to zero; 2) L2-gain from the disturbance d to the penalty signal z is less than 

the given level γ; 3) if d is square integrable, then xe is uniformly bounded.   

From Eq. (15) and (16), the control inputs for the calculation of the switching signals are and 

the damping adjustment parameters rd can be calculated as Eq. (18) and Eq. (14), respectively. 

Fig. 3 presents the schematic diagram of the proposed PBL2AC control for hybrid energy 

storage system in electric vehicles. The global flow chart of the proposed PBL2AC control algorithm 

composed of twelve steps is presented in Fig. 4.  
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Figure 3. The diagram of the proposed PBL2AC controller.  
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Figure 4.  The flow chart of the proposed PBL2AC controller.  
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4. Results and analysis 

To evaluate the estimation accuracy and the robust control performance, the proposed PBL2AC 

control was tested and compared with the traditional PID control and the sliding mode control 

(SMC) under several typical driving cycles. The system parameters of HESS were chosen as in Table 

1. The controller parameters were set as: pi=2.5, h(xe)=diag{0.05, 0.05,0.01,0.01}, K=diag{1, 1, 1, 1}, 

γ=0.1, x* and rd were solved by (8) and (18), respectively. The sinusoidal disturbances d were 

emulated by the single-phase output of the AC source.  

In the following, several different performance aspects of the proposed PBL2AC control are 

tested on the ADVISOR/SIMULINK platform and experimental control prototype, including the 

parameter estimation, the comparisons of the PBL2AC to the PID and the SMC controllers, the 

robust tracking under different driving cycles and the energy efficiency analysis.  

Table 1. The system parameters of HESS. 

Component Parameters Value 

Battery  Nominal voltage  120 V 

SC  

Capacitance  3.0 F 

Nominal voltage 140 V 

Nominal current  20 A 

Resistive loss  8.7 kΩ 

DC–DC 

converter  

 

Battery side inductance  L1 = 10 mH 

SC side inductance  L2 = 10 mH 

Capacitance on the DC bus 3850 μF 

Nominal voltage on the DC bus  200 V 

Total resistive loss in the circuit  900 Ω 

4.1. Parameter Estimation of the propose scheme 

To investigate the estimation performance of the proposed scheme, in Fig. 5, the inductor L1 is 

set to be 10 mH → 15 mH → 10 mH at times 0 s, 0.4 s and 0.7 s, respectively; and the inductor L2 is 

set to be 10.8 mH → 20.5 mH → 11.5 mH → 20.5 mH → 10.8 mH → 20.5 mH at times 0 s, 0.4 s, 0.5 s, 

0.6 s, 0.7 sand 0.8 s. As shown in Fig. 5(a), when the actual inductor L1 increases from 10 mH to 15 

mH or decreases from 15 mH to 10 mH, the settling time remains within 0.02 s, and the estimation 

of L1 accurately track the actual value and the maximal overshoot <0.8 mH. In Fig. 5(b), when the 

actual inductor L2 steps up and down between 10.8 mH and 20.5 mH, the settling time remains 

within 0.035 s, and the estimation of L1 accurately track the actual value. In Fig. 6, the capacitor C 

keeps constant and the capacitor Csc steps up from 300 H → 350 H at time 0.5 s. As shown in Fig. 

6(a), the actual capacitor C has a little variation<8 uF. In Fig. 6(b), the actual inductor L2 has a litttle 

variation<3 F as well as a chattering occurs around the actual value. This confirms that PBL2AC has 

the ability to precisely estimate the actual circuit parameters in a short time. 
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Figure 5. Inductor estimation of the proposed control. (a) Estimation and real value curves of the 

inductor L1; (b) Estimation and real value curves of the inductor L2. 

0 0.2 0.4 0.6 0.8 1
3800

3850

3900

3950

C
（

u
F
）

 

 

Estimation of C

Actual value of C

0 0.2 0.4 0.6 0.8 1

300

350

Time (s)

C
s
c
（

F
）

 

 

Actual value of C
sc

Estimation of C
sc

 

Figure 6. Capacitor estimation of the proposed control. (a) Estimation and real value curves of the 

capacitor C; (b) Estimation and real value curves of the capacitor CSC. 

4.2. Comparisons of the proposed controller to the PID and the SMC controllers 

(b)  

(a)  

(b)  

(a)  
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To investigate the performance and the robustness of the PBL2AC control, comparisons are 

done with the PID control and the SMC control methods. Under the New European Driving Cycle 

(NEDC) driving cycle, the voltage regulation curves with three control methods are shown in Fig. 

7~Fig. 9. They show that PBL2AC possesses least regulation error, SMC possesses the second, for 

PID the worst, and the maximal ripple ratio decreases from 23.5% (47 V) of PID to 1.3% (2.6 V) of 

PBL2AC. The SC voltages fluctuate due to the charging/discharging operation, and the battery 

voltages experience a little slow decrease due to the energy output. Fig. 10 and Fig. 11 give the 

power demand of NEDC, reference currents and controlled duty ratio of PBL2AC. 

From these, we can conclude that the voltages of SC and battery under three controllers keep 

stable. However, as concluded in Table 2, the bus voltage has least regulation error with PBL2AC 

than others. 
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Figure 7. Voltage regulation of the PI control under the NEDC driving cycle. (a) DC bus voltage; (b) 

Battery and SC voltages. 
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Figure 8. Voltage regulation of the SMC control under the NEDC driving cycle. (a) DC bus voltage; 

(b) Battery and SC voltages. 
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Figure 9. Voltage regulation of the proposed PBL2AC control under the NEDC driving cycle. (a) DC 

bus voltage; (b) Battery and SC voltages. 
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Figure 10. Power demand and reference currents of the proposed PBL2AC control under the NEDC 

driving cycle. (a) Power demand; (b) Reference currents of load, battery, SC voltages. 
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Figure 11. Duty ratio d1 of the proposed PBL2AC control under the NEDC driving cycle. 

Table 2. Bus voltage regulation errors of PID, SMC and PBL2AC. 

Control SC voltage (V) 
Battery 

voltage(V) 

Bus voltage 

(percentage) 

PID 3.2 2.4 13% 

SMC 2.7 1.9 4.1% 

PBL2AC 4.4 2.5 1.3% 

 

 

(b)  

(a)  
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4.3. Robust tracking under different driving cycles 

To investigate the tracking ability under different driving cycles, the tracking responses are 

tested and obtained under three driving cycles: the China's Urban Driving Cycle (CUDC), the long 

Arterial driving cycle and the hybrid driving cycle as shown in Fig. 12~Fig. 17.  

First, under the CUDC driving cycle, Fig. 12 gives the voltage regulation curves and results 

show that the maximal ripple ratio of bus voltage is less than 2.5%. Fig. 13 presents the power 

demand of CUDC and reference currents of PBL2AC. Fig. 14 shows the current tracking results, and 

it can be seen that despite of parameter variation and driving condition changes, the currents of SC 

and battery accurately track their references with both fast response and small steady error under 

perturbations. Moreover, it can be found that the battery current i1 is smooth and and the capacitor 

current i2 has fast and high-frequency component. This means the battery is well protected and its 

life is extended. The controlled duty ratio of the switch is plotted in Fig. 15. 

Second, by repeating the Arterial driving cycles 8 times with different speed weights, the long 

Arterial cycle is obtained. Fig. 16 gives its voltage regulation curves and results show that the 

regulation error of bus voltage is less than 1.7 V.  

Third, under the hybrid driving cycle consisting of several typical driving cycles: US06 + UDDS 

+ NYCC + HWFET + WVUCITY + NEDC, Fig. 17 gives its voltage regulation curves and results show 

that the regulation error of bus voltage is less than 3 V.  

This confirms that PBL2AC has robust tracking ability under different driving conditions. 
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Figure 12. Voltage regulation of the proposed PBL2AC control under the CUDC driving cycle. (a) 

DC bus voltage; (b) Battery and SC voltages. 
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Figure 13. Power demand and reference currents of the proposed PBL2AC control under the CUDC 

driving cycle. (a) Power demand; (b) Reference currents of load, battery, SC voltages.  
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Figure 14. Current tacking performance of the proposed PBL2AC control under the CUDC driving 

cycle. (a) Battery current tracking; (b) SC current tracking. 
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Figure 15. Duty ratio d1 of the proposed PBL2AC control under the CUDC driving cycle. 
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Figure 16. Voltage regulation of the proposed PBL2AC control under the long Arterial driving cycle. 

(a) DC bus voltage; (b) Battery and SC voltages. 
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Figure 17. Voltage regulation of the proposed PBL2AC control under the long Alternal driving cycle. 

(a) DC bus voltage; (b) Battery and SC voltages. 

4.4. Energy efficiency 

To investigate the energy efficiency ability of the proposed control, comparisons are done and 

the SOC curves are recorded as shown in Fig. 18 under the CUDC driving cycle. Battery SOCs of 

both SMC and PBL2AC are in the limited range (0.7, 0.95) with initial battery SOCs strictly equal to 

0.95. From Fig. 18, it’s obviously that the SOC fluctuation under the proposed PBL2AC control is 

more gradual and gentle, indicating that the operation switching of the power components is 

smoother. The final battery SOC of PBL2AC is higher compared that of SMC, this confirms that 

PBL2AC is energy efficient.  
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Figure 18. Battery SOCs of PBL2AC and SMC controls under the CUDC driving cycle. 
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4.5. Experimental results 

The experimental control prototype is constructed to test the validity of the proposed PBL2AC 

scheme. The prototype mainly includes the control board (a 32-bit micro-controller, ARM 

STM32F407), the battery system (4 LiFePO4 cells connected in series), the SC pack (58F/15V SC from 

Maxwell Technologies), the DC/DC converters, the programmable electronic load (PEL) to serve as 

the time-varying load power and the data acquisition circuits. Since the PEL has limited output 

power (300W), the load power is scaled down with proportional coefficients to below the peak load 

power. Also, the negative powers in the driving cycle are substituted by zeros. The nominal voltage 

of battery is 12V and the desired bus voltage is 20V. The PWM frequency of the switches is 10kHz.  

Firstly, the results under the long Arterial driving cycle are shown in Fig. 19, where the bus 

voltage, the voltages and the currents of battery/SC with the PBL2AC control are plotted. It can be 

observed that the regulation error of bus voltage is less than 4.4V despite of uncertainties. The 

battery voltage tends to decline due to the power depleting and the SC voltage fluctuates frequently. 

The SC current and the load current are shown in Fig. 19(b).  

Then, the results under hybrid driving cycle including US06 cycle, UDDS cycle, NYCC cycle, 

HWFET cycle, WVUCITY cycle and NEDC cycle, are shown in Fig. 20. From Fig. 20(a), it can be seen 

that the regulation error of bus voltage is less than 3.2V. Moreover, the SC voltage varies during the 

charging or discharging process. The SC and the load currents are shown in Fig. 20(b).   

1: VE, [20 V/div]
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                                                (b) 

Figure 19. Response of the proposed PBL2AC control under the long Alternal driving cycle. (a) battery voltage, SC 

voltage and bus voltage; (b) SC and load currents. 
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1: i2, [10 A/div]

2: im, [10 A/div]

(b) 

Figure 20. Response of the proposed PBL2AC control under the hybrid driving cycle. (a) battery voltage, SC voltage 

and bus voltage; (b) SC and load currents. 

 

From these, it can be verified that with the proposed PBL2AC control, the bus voltage under 

comprehensive driving cycles keeps stable in spite of perturbations and driving condition change.   

5. Conclusions 

An L2-gain adaptive robust control based on PCHD for current tracking and voltage stability 

for HESS in EV is presented. A complete PCHD model containing both parameter variations and 

external disturbances is initially well constructed. Moreover, adaptive mechanism is adopted to 

estimate the parameters. Results show that the effectiveness of the proposed PBL2AC under CUDC 

vehicle condition can be confirmed. 
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