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 A combination of battery and ultracapacitor as a hybrid energy storage 

system (HESS) for an electric vehicle (EV) can result in better acceleration 

performance, reduced battery charge-discharge cycle and longer driving 

range. This paper presents a new converter design combining triple-half-

bridge (THB) and boost half-bridge (BHB) converters in a battery-

ultracapacitor HESS. The BHB converter is used to compensate the voltage 

variation of the ultracapacitor. A power management system is proposed to 

control the power of battery and ultracapacitor, to supply the demanded 

power of an EV. This paper describes the operation of the proposed converter 

using a simplified ∆-type primary-referred equivalent circuit. This paper also 

shows the simulation results verifying the fast dynamic response of the 

proposed power management system for the proposed HESS, with minimal 

current stress. 
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1. INTRODUCTION 

The design of the energy storage system in an EV should satisfy the demands of high power density 

for meeting the acceleration requirement, and of high energy density to attain the desired vehicle driving 

range. Typical energy storage devices for automotive applications are lead-acid, nickel metal hydride 

(NiMH), and lithium ion (Li-ion) batteries. The NiMH batteries dominate the EV market due to their lower 

cost as compared to the Li-ion batteries [1] and [2]. However, the characteristics of a Li-ion battery such as 

high monomer voltage and high energy density have become the preferred battery technology for EV [3]. 

The ultracapacitor is an energy storage device that have higher power density, faster charging and 

discharging rates, and longer cycle life than the batteries, complementing the characteristics of a Li-ion 

battery. Since, an ultracapacitor has low energy density, it is not suitable as the only energy storage device in 

an electric vehicle. 

One of the drawbacks of the lithium ion battery is that it is not suitable for supplying a large amount 

of power in a short duration due to the limitation in its discharging capability. Moreover, frequent battery 

charging-discharging operations results in its lifetime reduction. Therefore, employing the ultracapacitor in a 

HESS for EV can improve the battery lifetime. The high power density characteristic of an ultracapacitor is 

able to meet peak power demand during EV acceleration and absorb regenerative braking power as the 

ultracapacitor is suitable for pulse-power operations. On the other hand, the lithium ion battery is suitable for 

operations that require high energy density. 
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In an EV operation, power output of the battery and ultracapacitor are variable and depends on the 

power demand. Moreover, the terminal voltage of an ultracapacitor varies widely during charging and 

discharging operations. Therefore, it is important for conversion system of the HESS to be capable of 

efficiently transferring power from two different energy storage devices in a wide input voltage range. Non-

isolated and isolated multiple input dc-dc converters are often employed in HESS [4] - [6]. The multiple 

input dc-dc converter design for battery-ultracapacitor HESS employs power switching devices and diodes in 

the bidirectional dc-dc converters to control the power flow between the on-board energy storage devices and 

load [4] and [7]. However, it does not provide galvanic isolation for all power ports. Some applications 

require galvanic isolation for voltage matching and system safety. Hence, multiple-input bidirectional 

isolated dc-dc converters will be suitable for energy storage systems that combine various sources. 

Figure 1 shows a current-source half-bridge bidirectional isolated dc-dc converter [6], [8-9]. The 

converter employs half the number of devices of the full bridge dc-dc converter at the same power rating 

without additional total device rating. Moreover, the converter achieves soft-switching in a wide operating 

range, requires less control, and limits current ripple, increasing battery lifetime. Nevertheless, there is a high 

current stress on the dc-dc converter when it is operated in a wide operating voltage range because the dc bus 

voltage ratio cannot match to the transformer turns ratio. Although, the PWM-plus-phase-shift (PPS) control 

strategy is proposed to minimize device current stress, the current stress problem at the low-voltage side of 

the dc-dc converter still persists [10] and [11]. 

Figure 2 presents a converter topology that combines voltage-source half-bridge bidirectional 

isolated dc-dc converter with a BHB converter [12]. This topology of dc-dc converter is suitable for 

applications in a wide operating voltage range, as it is able to minimize device current stress and solve 

asymmetric current stress problem by maintaining the dc voltage of VHdc1 at the low-voltage side  

An isolated multiport dc-dc converter for fuel cell-ultracapacitor HESS was presented in [13]. The 

terminal voltage of an ultracapacitor can vary between 50% and 100%, causing high current stress in the 

converter. The proposed converter utilizes PPS control to maintain a constant voltage across the half-bridge 

converter, minimizing the current stress. 

This paper proposes a multiple-input dc-dc converter that can be employed for a battery-

ultracapacitor HESS in an EV, which will be referred to as “the proposed HESS” from this point onwards. 

The proposed HESS topology combines the two converter topologies in Figures 1 and 2 with a three-winding 

high-frequency transformer. The bidirectional power flow is controlled using a simple phase-shift 

modulation. In addition, this paper describes the operating principles of the multiple-input dc-dc converter of 

the proposed HESS, discussing in detail the discharging mode of operation of both the battery and 

ultracapacitor. It also presents the circuit design and power flow control strategy employed. Finally, this 

paper shows the simulation results that verify the feasibility of the proposed HESS for EV application. 

 

 

 
 

Figure. 1. Current-source half-bridge bidirectional isolated dc-dc converter [6]. 

 

 

 
 

Figure 2. Voltage-source half-bridge bidirectional isolated dc-dc converter combined with a boost half-bridge 

(BHB) converter [12]. 
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2. THE PROPOSED HESS AND OPERATING PRINCIPLES 

Figure 3 presents the proposed HESS that consists of a multiple-input triple-half-bridge (THB) dc-

dc converter combined with a BHB. The rated power of PHB1 (proposed half bridge 1) is 6 kW, BHB (boost 

half bridge) and PHB2 (proposed half bridge 2) is 8 kW, and PHB3 is 12 kW. The dc bus of converters PHB1 

and PHB3 (proposed half bridge 2) are connected to the battery and dc-load, respectively. Moreover, the BHB 

is combined with PHB2 and the dc bus of the BHB is connected to the ultracapacitor. The converter PHB1 for 

the battery is selected as the device number of this topology is low and able to minimize ripple currents. The 

voltage at the battery side is VBT, and at the high-voltage side it is VHV. Since the voltage of the ultracapacitor 

VUC, varies in a wide range and can cause high current stress in the proposed HESS, the BHB acts as a 

voltage regulator to keep the dc-link voltage of PHB2, VPdc2, constant at the desired voltage and matched to 

the transformer turn ratio n2 (Np2/Np3) The THB functions to control the power flow in the proposed HESS 

using a simple phase-shift modulation. 

Figure 4 shows the diagram of ∆-type primary-referred equivalent circuit of the THB. The “∆” type 

model is convenient for power relation analysis and the three-port model is decomposed into three two-port 

models. Inductances LP13’, LP3’2 and LP2’1 act as energy transfer elements. Note that the symbol (‘) is used to 

denote the referred values i.e. LP3’2 is the total inductance PHB2 and PHB2-referred inductance of PHB3. The 

converters PHB1, PHB2 and PHB3 generate square wave ac-voltages at the transformer terminal. The power 

flow in the proposed HESS is controlled by the phase shift angles ∅P13, ∅P12 and ∅P23, which are the phase 

differences of VP1 and VP3 , VP1 and VP2 and VP2 and VP3, respectively. Based on the figure, the power flow 

from port 1 to port 3, port 2 to port 1, and port 3 to port 2 are respectively determined as, 

 

𝑃13 =
𝑉BT

2 ∅P13(𝜋 − |∅P13|)

𝜔𝐿P13′𝜋
, 

𝑃21 = − 
𝑉UC

2 𝑛2
2∅P12(𝜋 − |∅P12|)

4𝐷SB1
2 𝜔𝐿P2′1𝜋

, 

𝑃32 = − 
𝑉HV

2 𝑛3
2∅P23(𝜋−|∅P23|)

4𝜔𝐿P3′2′𝜋
 ,       (1) 

 

where ∅ is measured in radian, ω is the angular switching frequency, DSB1 is duty cycle of switching device 

SB1. 

An important feature of the multiple-input bidirectional isolated dc-dc converter is to directly supply power 

from one port to another port based on the virtual isolation scheme that was introduced in [14]. The basic 

principle is to control the phase-shift angle between three ac-voltages in order to achieve the net output 

power of the third port to be zero. Since the total net power of the third dc-dc converter ports is zero, the net 

power can be supplied from one port to other port [15].The output power of ports 1, 2 and 3, P1, P2, and P3 

can be calculated as, 

 

𝑃1 = 𝑃13 − 𝑃21, 

𝑃2 = 𝑃21 − 𝑃32, 

𝑃3 = 𝑃32 − 𝑃13.         (2) 

 

 

 
 

Figure 3. The proposed HESS with the rated power at: PHB1 = 6kW, BHB and PHB2 = 8kW, PHB3 = 12kW. 
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Figure 4. ∆-type primary-referred equivalent circuit of the THB. 

 

 

If the loses are neglected, the total output power of the three ports is calculated as, 

 

𝑃1 + 𝑃2 + 𝑃3 = 0         (3) 

 

The proposed HESS is analysed in 3 modes of operations. The EV motor is connected to the high-

voltage bus of the proposed HESS. The power demand of the EV motor is assumed proportional to the motor 

rotational speed. Mode 1 (boost mode) is simulated for low power demand where power is transferred from 

the battery to the EV motor. Mode 2 (boost mode) is simulated for pulsed power demand where power is 

transferred from the battery and ultracapacitor to the EV motor. Lastly, mode 3 (buck mode) is simulated for 

breaking of EV where power is transferred from the EV motor to the ultracapacitor. Mode 2 is analysed in 

the next section. Modes 1 and 3 can be analysed in the same principle as mode 2. 

 

2.1. Analysis of Mode 2 Operation 

In mode 2, the EV motor is accelerating and the motor rotational speed is high. Therefore, the power 

demand of the EV motor increases rapidly. Both battery and ultracapacitor supply the power to the EV motor 

in order to prevent the battery output power from exceeding its rated value. At this mode, the net power 

between converters PHB1 and PHB2 is zero, where the phase-shift angle ∅P21 is zero P21 is zero. 

Figure 5 shows the idealised ac-side voltage and current, and the individual port current waveform 

during one switching period in mode 2. Figure 6 presents the simplified ∆-type primary-referred equivalent 

circuit of the THB converter that corresponds to each duration in Figure 5. The operating principles during 

mode 2 are presented as, 

1. Duration 1(t1 – t2): Switching device SP2 is turned off and switching device SP1 is turned on. The current 

IP13’ flows through the anti-parallel diodes DP4 and DP1. The stored energy in inductor LP13’ charges the 

capacitors CP4 and CP1. At the same time, switching device SP21 is turned off and switching device SP11 

is turned on. The current IP3’2’ flows through the anti-parallel diodes DP4 and DP11. The stored energy in 

inductor L P3’2’ charges the capacitors CP4 and CP11. 

2. Duration 2(t2 – t3): Current IP13’ changes its direction from negative to positive value, and flows through 

switching devices SP1 and SP4 and discharges capacitors CP1 and CP4. The current IP3’2’ changes its 

direction from positive to negative value, and flows through switching devices SP11 and SP4 and 

discharges capacitors CP11 and CP4. 

3. Duration 3(t3 – t4): Switching device SP4 is turned off and switching device SP3 is turned on. The current 

IP13’ flows through the switching device SP1 and anti-parallel diode DP3. Current is transferred from 

battery to inductor LP13’ and EV motor. The current IP3’2’ flows through the switching device SP11 and 

anti-parallel diode DP3. Current is transferred from ultracapacitor to inductor LP3’2’ and EV motor. 

4. Duration 4(t4 – t5): Switching device SP1 is turned off and switching device SP2 is turned on. The current 

IP13’ flows through the anti-parallel diodes DP2 and DP3. The capacitors CP2 and CP3 are charged by 

stored in inductor LP13’. At the same time, switching device SP11 is turned off and switching device SP21 

is turned on. The current IP3’2’ flows through the anti-parallel diodes DP21 and DP3. The capacitors CP21 

and CP3 are charged by stored in inductor LP3’2’. 

5. Duration 5(t5 – t6): Current IP13’ changes its direction from positive to negative value, and flows through 

switching devices SP3 and SP2 and discharges capacitors CP3 and CP2. The current IP3’2’ changes its 

direction from negative to positive value, and flows through switching devices SP3 and SP21 and 

discharges capacitors CP3 and CP21. 

Duration 6(t6 – t7): Switching device SP3 is turned off and switching device SP4 is turned on. The current IP13’ 

flows through anti-parallel diode DP4 and switching device SP2. Current is transferred from EV motor to 

inductor LP13’ and battery. The current IP3’2’ flows through anti-parallel diode DP4 and switching device SP21. 
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Its charges capacitor CP4 and discharges capacitor CP21. Current is transferred from EV motor to inductor 

LP3’2’ and ultracapacitor. 

 

 

3. POWER FLOW CONTROL 

The power controller manages the power transfer and aids in minimizing the device current stress 

even in a wide operating voltage range. When the ratio of the dc-link voltage is equal to transformer turn 

ratio, the transformer ac-current can be symmetrical and a so called “flat-topped” waveform can be achieved 

to minimize the device current stress. In the analysis of the control strategy, voltages VHV and VBT are 

assumed constant at 300 V and 100 V, respectively. The ultracapacitor voltage VUC varies between 60 V and 

120 V. The duty cycle of SB1 and SB2, DSB1 and DSB2 are controlled to ensure that reference voltage V*Pdc2 is 

constant at desired voltage of 150 V. The duty cycles of SB1 and SB2 can be described as,  

 

DSB1 = VUC/V*Pdc2         (3) 

 

DSB2 = 1 – DSB1         (4) 

 

Figure 7 shows block diagram of the power controller for the proposed HESS. The control strategy 

of power transfer between the on-board energy storage device and load is based on the total load power 

demand. The function of power management logic block is to ensure that the power supplied from or to the 

battery does not exceed the battery rated power and performs the three modes of operation. The controller 

first identifies the required mode of operation: mode 1 and 2 (boost modes) or mode 3 (buck mode). 

Subsequently, it determines the power flow directions. Then, phase-shift angles ∅P13 and ∅P23 are calculated 

based on power P13 and P23 of (1). 

In mode 1, the logic block assigns that power P21 is equal to P32 in order to ensure the net power of 

converter PHB2 is zero (virtual isolation) and that the ultracapacitor does not supply power to the EV motor 

in this mode. Therefore, voltage VP1 leads VP2 and VP3, in order to transfer power from converter PHB1 to 

converter PHB3. If the EV power demand during acceleration is higher than the rated power of the battery, 

mode 2 is performed. The logic block assigns the phase-shift angle ∅P21 to be zero in order to prevent the 

power flow between converters PHB1 and PHB2. Voltages VP1 and VP2 leads VP3, in order to transfer power 

from the converters PHB1 and PHB2 to converter PHB3. In buck mode, mode 3, the logic block assigns the 

power P13 is equal to the P21 in order to keep converter PHB1 in zero net power transfer. Therefore, the 

battery is not charged and is in virtual isolation, and all the regenerative braking power charges the 

ultracapacitor at this mode. Voltage VP3 leads VP1 and VP2 in order to transfer power from converter PHB3 to 

converter PHB2. 

 

 

4. POWER DEMAND OF THE HESS FROM AN EV 

The proposed HESS is verified through simulations using the PSCAD software. Several 

assumptions are made to simplify the analysis of the operation. The HESS supplies power to the EV motor at 

a constant voltage. The EV motor power demand is assumed to be proportional to the speed of rotation of the 

dc motor at a constant load torque. Figure 8 present the idealized battery, ultracapcitor, and EV motor power 

requirement for various modes of operations such as constant speed, acceleration and deceleration. 
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Figure 5. Idealised ac-side voltage and current 

waveforms, and current waveforms of each port during a 

steady-state in mode-2 operation. 

 

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

Figure 6. Equivalent circuit during a switching cycle in mode 2, corresponding to Figure 5. (a) Duration 1 

(t1 - t2). (b) Duration 2 (t2 - t3). (c) Duration 3 (t3 - t4). (d) Duration 4 (t4 - t5). (e) Duration 5 (t5 - t6). (f) 

Duration 6 (t6 - t7). 

 

 

 
 

Figure 7. Power controller of the proposed HESS. 

 

 

 
 

Figure 8. Idealized battery, ultracapacitor, and EV motor power during the various modes of operation as 

calculated by the power management logic block in Figure 7. 

 

 

5. SIMULATION RESULTS 

In the simulation, the battery voltage VBT and high-side voltage VHV are constant at 100V and 300V, 

respectively. The voltage of ultracapacitor, VUV, varies between 60 V to 120 V. The duty cycle of THB 

switching devices (DSP1–DSP4, DSP11–DSP21) are constant at 0.5 p.u. The duty cycle of the BHB switching 
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device DSB1 and DSB2 is between 0.2 and 0.8 p.u. Table 1 presents the circuit parameters of the capacitive and 

magnetic components of the THB converter. 

 

 

Table 1. THB Circuit Parameters 
Transformer turns ratio NP1 : NP2 : NP3 100:150:300 

AC inductor of PHB1 LP1 4.41 μH 
AC inductor of PHB2 LP2 1.24 μH 

AC inductor of PHB3 LP3 1.37 μH 

Capacitors of PHB1 CP1 and CP2 0.5 mF 
Capacitors of PHB2 and PHB3 CP11, CP21, CP3,CP4 1 mF 

Snubber capacitor of THB  10 nF 

DC-link inductor of PHB1 LPHB 833 μH 
DC-link inductor of BHB LBHB 360 μH 

Switching frequency  20 kHz 

 

 

 
 

Figure 9. Simulation results of the power, dc voltage, and dc current waveforms of battery, ultracapacitor and 

EV motor during all modes of operation. 

 

 

Figure 9 shows the simulation results of EV motor, battery, and ultracapacitor power for the 

duration of 4s. The battery power P1 is determined from the product of VBT and IBT. The ultracapacitor power 

P2 and EV motor power P3 are determined from the product of VUC and IUC, and voltage VHV and IHV, 

respectively. Both the battery and ultracapacitor are able to supply the power variation required by the EV 

motor, while keeping the battery power below the rated power. This verifies the feasibility of the power 

management unit in controlling the phase-shift angle to split the output power between the battery and 

ultracapacitor. Moreover, the converter PHB2 is able to supply constant power when ultracapacitor voltage 

VUC drops from 120 V to 60V during simulation time of 2.4s to 3.2s. During the simulation time from 3.2s to 

4s, the ultracapacitor power changes from positive to negative, showing that the dc current direction of the 

converter is reversed and the ultracapacitor is charged. 

Figure 10 shows the ac-side voltage and current waveforms of convertors PHB1, PHB2 and PHB3 of 

mode 1, battery discharging. The phase-shift angles ∅P13 and ∅P23 are 15.73° and 1.81°, respectively. Based 

on the power flow calculation in (1), P21 = P32. Therefore, the ultracapacitor power P2 is zero (virtual 

isolation) and battery power P1 is 4 kW. Current i2 is approximately zero, verifying that converter PHB2 has 

zero net power transfer between 0.8s to 1.6s. The ac current are seen to be having low rate of change of 

current during the conduction period. 

Figure 11 presents the ac-side voltage and current waveforms of convertors PHB1, PHB2 and PHB3 

and ultracapacitor current during steady state operation of mode 2. The power management logic block 

assigns converter PHB2 to supply power in achieving power demand of EV motor. The phase-shift angles 

∅P13 and ∅P23 are 20.21° and 20.21°, respectively. Currents IP1, IP2, and IP3 are not zero verifying that 

converters PHB1, PHB2, and PHB3 have power flow. When VUC reduces its voltage to 60V between 2.4s and 

3.2s, it is observed that the ratio of peak voltage of VP1, VP2 and VP3 is equal to the transformer turn ratio, and 
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current IP2 remains symmetrical and has a “flat top”. This verifies that the control of duty cycles DSB1 and 

DSB2 are able to ensure voltage VPdc2 is constant at 150 V, minimizing the device current stress. The current 

IUC increases when the voltage VUC reduces. The ultracapacitor supply higher current IUC to maintain a 

constant power supply of 8 kW. 

Figure 12 shows the ac-side voltage and current waveforms of convertors PHB1, PHB2 and PHB3 in 

mode 3, regenerative breaking. The phase-shift angles ∅31 and ∅32 are 0.93° and 4.12°, respectively. Based on 

the power flow calculation in (1), the battery power is zero (virtual isolation) and ultracapacitor power is −2 

kW. The current IP1 of converter PHB1 is approximately zero. It verifies that converter PHB1 is in zero net 

power transfer and that battery is not charged during regenerative braking power. 

The results in this section show that the proposed HESS and its power management for EV 

application achieves the desired power flow with minimal current stress at PHB2 as the ultracapacitor voltage 

changes from 1 p.u. to 0.5 p.u. of the rated voltage. The proposed topology needs only simple phase-shift 

modulation. The power management controller also shows good dynamic response to step changes in power 

demand and ultracapacitor voltage. 

 

 

 
 

Figure 10. Enlarged steady-state AC voltage and current waveforms of convertors PHB1, PHB2 and PHB3 in 

mode 1 that occurred between t=0.8s and t=1.6s of Figure 8. 

 

 

 
(a) 

 

 
(b) 

 

Figure 11. Enlarged steady-state AC voltage and current waveforms of convertors PHB1, PHB2 and PHB3 in 

mode 2 that occurred between t=1.6s and t=3.2s of Figure 8. (a)VUC=120V. (b) VUC=60V 
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Figure 12. Enlarged steady-state AC voltage and current waveforms of convertors PHB1, PHB2 and PHB3 in 

mode 3 that occurred between t=3.2s and t=4s of Figure 8. 

 

 

6. CONCLUSION 

The proposed HESS has been designed so that battery and ultracapacitor energy storage devices are 

able to supply the maximum power demand during acceleration of an EV. Moreover, the ultracapacitor can 

rapidly absorb the regenerative power from braking of motor to ensure that the battery charge-discharge 

cycle is minimized, thus extending the lifetime of the battery. The advantages of the proposed HESS include 

galvanic isolation, fewer components compared to full-bridge topologies, and simple phase-shift modulation. 

In order to facilitate the understanding of the operating principles of the proposed HESS, detail discussions 

on the ideal operating waveforms and analysis of the switching equivalents circuits have also been presented. 

Simulation results using PSCAD show the feasibility of the power management controller in all operating 

conditions with good dynamic response and minimized device current stress. 
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