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Abstract 

As the main power source of electric vehicles, the performance of the power battery 
determines the performance of the whole vehicle, so the performance test of the power 
battery is crucial. In the actual electric vehicle driving process, it will encounter changes 
in the starting, acceleration, constant speed, braking and other actual working 
conditions. In order to simulate the dynamic performance of the battery under operating 
conditions. According to the test methods and requirements of the power battery,this 
paper chooses the DST (dynamic stress test) of the FUDS (federal urban driving 
schedule). The DST standard power curve is used as the reference curve. The main 
circuit topology is an Interleaved Bidirectional DC/DC converter. The working principle 
of the converter is described and the parameter design and control method are given. 
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1. Introduction 

Nowadays, countries attach increasing importance to energy conservation and environmental 

protection, and effective energy-saving transportation is increasingly valued by countries. Under the 

background of energy dependence of more than 50% and the development of low-carbon economy, 

the development of new energy vehicles has been the trend in China. The requirements of electric 

vehicles for power batteries include safety, energy density, power density, low cost, etc. The quality 

of the battery performance will be directly related to the performance of the battery. The performance 

of the battery will directly affect the performance, safety and user experience of the electric vehicles, 

so the performance test of the electric vehicle power battery is very important. In the actual 

application, the demand for power of electric vehicles is constantly changing with the different 

working conditions, and the instantaneous high-current impact and the fast switching between charge 

and discharge modes have put forward higher requirements on the dynamic performance of the power 

battery.  

The power battery should remain high efficient and reliable as an energy source for electric vehicles. 

Figure 1 shows the main components of the drive system of an electric vehicle. A three-phase motor 

is usually used to provide traction for the electric vehicle. The power conversion system consists of 

a DC/DC converter and a three-phase inverter to meet the power requirements of the motor for the 

power battery. A bi-directional DC/DC converter is located between the energy storage system and 

the inverter. The inverter can operate in either boost mode or buck mode. In the start-up or 

acceleration condition of the electric vehicle, the energy stored in the battery is transferred to the 

motor via the DC/DC converter and the three-phase inverter. Therefore, the converter operates in the 

boost mode to drive the motor. When the EV is in braking mode, the regenerative energy from the 

motor is transferred back to the power battery. Therefore, the converter operates in boost mode to 

charge the battery. 
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Fig.1 Power electronics interface in EV drives system 

 

2. Test Methods and Standards for Electric Vehicle Power Battery 

Power battery testing is a necessary for battery development, factory inspection and product 

evaluation. Based on the actual application of the vehicle, the power battery used in electric vehicles 

needs to be tested with the power battery pack as the test object, such as peak power detection, rapid 

charge and discharge test, starting power test, continuous climbing power test and so on. 

In order to simulate the actual road conditions of an electric vehicle running at constant speed on the 

highway, a constant power discharge method is used to test the power battery. In the actual electric 

vehicle driving process, it will encounter a variety of actual working condition changes, and its 

driving conditions include start, acceleration, constant speed, braking and other states, so it is 

important to carry out variable power test according to the actual working conditions for the practical 

application of the battery. In order to simulate the changes in battery performance under working 

conditions, In the USABC Electric Vehicle Battery Test Manual, the DST (dynamic stress test) 

condition is obtained after simplifying the FUDS (federal urban driving schedule). Figure 2 shows 

the DST power variation curve with a cycle of 360s. 

 

Fig.2 DST curve 
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3. Converter Description And Operation 

As energy storage units become an integral part of power systems, bidirectional dc-dc converter 

topologies to facilitate power flow in both directions are also gaining popularity. These converters 

must have high efficiency and power density, while improving reliability and power quality of the 

power system. Use of wide band gap devices such as SiC and MOSFETs in bidirectional converters 

is expected to improve the efficiency and reliability of the converter as well as facilitate high-

frequency operation. Operation at high switching frequencies results in smaller passive components 

such as inductors and capacitors employed in these converters, thereby improving the power density 

of the converter. 

3.1 Circuit Topology and Theory of Operation 

Figure 3 shows a bi-directional DC-DC converter with N-phase interleaved parallel connection, 

which is obtained by connecting a conventional single-phase bi-directional DC-DC circuit in parallel. 

This circuit topology has the advantages of fewer components, compact structure, low cost, no 

transformer loss, high efficiency and simple control compared to the isolated converters. In addition, 

this structure can reduce the system switching current stress, and the appropriate phase shift between 

the switching operation of each phase will minimize the total inductance current ripple and the AC 

current through the filter capacitor, and improve the power density of the converter. As shown in 

Figure 3, 𝑉0 and 𝑉1 are the voltages at the low- voltage and high-voltage sides of the converter, 

respectively. The switches 𝑆𝑛, 𝑆𝑛
′
and inductor 𝐿𝑛, where n=1,2..., form a basic unit of the converter 

and work like a conventional single-phase converter. When the converter operates in buck mode, 𝑆𝑛 

with duty cycle D acts as the main switch of the circuit, while when the converter operates in boost 

mode, 𝑆𝑛
′
with duty cycle 𝐷′ acts as the main switch of the circuit.  
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Fig.3 N-phase bidirectional interleaved DC-DC converter 

 

time-domain expression for the inductor current in the buck mode is 

𝑖𝐿1(𝑡) =

{
 

 
𝑉1 − 𝑉0
𝐿1

 t + 𝑖𝐿1(0)                      0 < 𝑡 ≤ 𝐷𝑇𝑆

−𝑉0
𝐿1

 (t − DT𝑆) +𝑖𝐿1(𝐷𝑇𝑆)         𝐷𝑇𝑆 < 𝑡 < 𝑇𝑆

                                           (1) 

where 𝑇𝑆 = 1/𝑓𝑆 is the switching period and 𝑓𝑆  is the switching frequency. In order to ensure the 

minimum ripple of the total inductive current, the switching capacity of each phase should differ from 

𝛷 =
360∘

𝑁
                                                                                      (2) 

Current stresses for the switches in each phase is given by 

𝐼𝑆𝑛 = 𝐼𝐿𝑛 + 𝛥𝑖𝐿𝑛                                                                                  (3) 
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where 𝐼𝐿𝑛 is the average inductor current in each phase and 

𝛥𝑖𝐿𝑛 =
(𝑉1 − 𝑉0)𝐷

2𝑓𝑆𝐿𝑛
                                                                              (4) 

is the peak-to-peak inductor current ripple. Assuming the transformer duty cycle D ≤ 1/N, the total 

inductance current average and ripple are 

𝐼𝐿 = ∑𝐼𝐿𝑛                                                                                     

𝑁

𝑛=1

(5) 

𝛥𝑖𝐿 =
(𝑉1 − 𝑛𝑉0)𝐷

2𝑓𝑆𝐿𝑛
                                                                             (6) 

Eq. 6 shows that the total inductance current ripple is reduced with respect to single phase. Similarly, 

the time-domain expression in the boost mode is 

𝑖𝐿1(𝑡) =

{
 

 
𝑉0
𝐿1
 t + 𝑖𝐿1(0)                                  0 < 𝑡 ≤ 𝐷

′𝑇𝑆

𝑉0 − 𝑉1
𝐿1

 (t − 𝐷′𝑇𝑆) +𝑖𝐿1(𝐷
′𝑇𝑆)        𝐷

′𝑇𝑆 < 𝑡 < 𝑇𝑆

                                        (6) 

Current stresses for the switches in each phase is given by 

𝐼𝑆𝑛′ = 𝐼𝐿𝑛 + 𝛥𝑖𝐿𝑛                                                                                 (7) 

where 𝐼𝐿𝑛 is the average inductor current in each phase and 

𝛥𝑖𝐿𝑛 =
𝑉0𝐷

2𝑓𝑆𝐿𝑛
                                                                                    (8) 

3.2 Parametric Design 

A. Per-Phase Inductance parameters 𝐿𝑛 

To ensure that the system operates in continuous mode, then 

𝐿𝑛,𝑚𝑖𝑛 =
(𝑉1 − 𝑉0)𝐷𝑇

2𝑖𝐿𝑛,𝑚𝑖𝑛 𝑓𝑠
                                                                     (9) 

The inductance current ripple is usually selected to be 20% of the average inductance current, and 

then the minimum inductance is calculated for the boost mode and buck mode of the transducer is be 

given 

𝐿𝑏𝑜𝑜𝑠𝑡 =
𝑉0𝐷

𝑓𝑆𝛥𝑖𝐿
≥ 𝐿𝑛,𝑚𝑖𝑛                                                                   (10) 

𝐿𝑏𝑢𝑐𝑘 =
(𝑉1 − 𝑉0)𝐷

𝑓𝑆𝛥𝑖𝐿
≥ 𝐿𝑛,𝑚𝑖𝑛                                                               (11) 

B.Capacitance parameters 

The capacitive voltage ripple is usually selected to be 5% of the average capacitive voltage, then the 

filter capacitance measured in the power battery should meet 

𝐶0 ≥
𝑉0𝐷(1 − 𝐷)

16𝐿𝑓𝑆
2𝛥𝑉0

                                                                          (12) 

DC bus side filter capacitors shall meet 

𝐶1 ≥
𝑉0𝐷

2𝑅𝑓𝑆𝛥𝑉0
                                                                              (13) 

where R is the equivalent resistance on the DC bus side and D is the duty cycle in the corresponding 

operating mode. 

4. Design of 2-Phase Interleaved Bidierctional DC/DC Converter 

In this paper, two-phase interleaved bi-directional DC/DC converter topology is used, as shown in 

Figure 4, where the two inductors have the same value 𝐿1 = 𝐿2 = 𝐿, the duty cycle is also the same, 
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and the phase difference is 180°. The converter can operate in both buck and boost modes. When the 

vehicle starts and accelerates, the power battery provides the required energy for the load on the DC 

bus terminal, and the circuit works in boost mode, where the power switches 𝑆1
′
 and 𝑆2

′
 work, 𝑆1 

and 𝑆2 are closed, boost mode can be divided into two working states D<1/2, D>1/2. When the power 

battery is charging, the circuit works in buck mode, the power switches 𝑆1 and 𝑆2 work, switches 

𝑆1
′
 and 𝑆2

′
 close，similarly，buck mode also can be divided into two working states D<1/2, D>1/2. 
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Fig.4 Topology of system’s main circuit 

4.1 Buck mode 

In buck mode, switch 𝑆1 𝑎𝑛𝑑 𝑆2 work, 𝑆1
′
 and 𝑆2

′
 off, as shown in 𝑈𝑠1, 𝑈𝑠2 is the pulse waveform 

of power switch 𝑆1  ,𝑆2  the duty cycle of the two switches is the same 𝐷1 = 𝐷2 = 𝐷 , phase 

difference of 180 °, through the inductor 𝐿1, 𝐿2 current 𝑖𝐿1, 𝑖𝐿2,the currents are also 180° apart in 

phase. The two inductor current ripples are large, but when the two inductor currents are 

superimposed, their peak-to-valley currents weaken each other and the total current ripple is 

significantly reduced, as shown in Figure 6.  

According to Figure 5, Figure 6 and the circuit principle, when D ≤ 0.5, the individual inductance 

current ripple and the total inductance current ripple are 

𝛥𝑖𝐿1 = 𝛥𝑖𝐿2 =
(𝑉1 − 𝑉𝑏𝑎𝑡)𝐷𝑇𝑆

2𝐿
                                                             (14) 

𝛥𝑖𝐿 =
(𝑉1 − 2𝑉𝑏𝑎𝑡)𝐷𝑇𝑆

2𝐿
                                                                   (15) 
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Fig.5 Buck mode 
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Fig.6 inductor current waveforms of two-phase interleaved topology in Buck mode. 

 

When D>0.5, the individual inductance current ripple and the total inductance current ripple are 

𝛥𝑖𝐿1 = 𝛥𝑖𝐿2 =
(𝑉1 − 𝑉𝑏𝑎𝑡)𝐷𝑇𝑆

2𝐿
                                                               (16) 

𝛥𝑖𝐿 =
(2𝑉𝑏𝑎𝑡 − 𝑉1)(1 − 𝐷)𝑇𝑆

2𝐿
                                                               (17) 

where 𝑉𝑏𝑎𝑡  is the measured terminal voltage of the power cell, 𝑉1 is the terminal voltage of the DC 

bus side, D is the duty cycle, and 𝑇𝑆 is a switching cycle. 

4.2 Boost mode 

When the circuit works in Boost mode, at this time the power switch 𝑆1
′, 𝑆2

′
 work , 𝑆1 ,𝑆2 off, as 

shown in Figure 7, according to the principle of circuit operation and circuit principles can be obtained 

inductor current ripple and total current ripple, when D ≤ 0.5 

𝛥𝑖𝐿1 = 𝛥𝑖𝐿2 =
𝑉𝑏𝑎𝑡𝐷𝑇𝑆
2𝐿

                                                                      (18) 

𝛥𝑖𝐿 =
(2𝑉𝑏𝑎𝑡 − 𝑉1)𝐷𝑇𝑆

2𝐿
                                                                     (19) 

When D≥0.5， 

𝛥𝑖𝐿1 = 𝛥𝑖𝐿2 =
𝑉𝑏𝑎𝑡𝐷𝑇𝑆
2𝐿

                                                                      (20) 

𝛥𝑖𝐿 =
(𝑉1 − 2𝑉𝑏𝑎𝑡)(1 − 𝐷)𝑇𝑆

2𝐿
                                                                (21) 

where 𝑉𝑏𝑎𝑡  is the measured terminal voltage of the power cell, 𝑉1 is the terminal voltage of the DC 

bus side, D is the duty cycle, and 𝑇𝑆 is a switching cycle. 
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Fig.7 Boost mode 

5. The Controller Design 

The current closed-loop PI control strategy is adopted for the bidirectional DC/DC converter used for 

the power battery test system in this paper, which detects the real-time battery terminal voltage as the 

voltage limit for charging and discharging through a given DST power variation curve, and divides 

the given power by the power battery terminal voltage as the reference value for the inductor current. 

Figure 8 shows the current closed-loop control block diagram. 
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Fig.8 Control block diagram of current closed loop 

 

Small-signal modeling of a system in buck mode, where a small perturbation is applied near the 

steady-state operating point of the transducer, then 

⟨𝑣𝑏𝑎𝑡(𝑡)⟩𝑇𝑠 = 𝑉𝑏𝑎𝑡 + �̂�𝑏𝑎𝑡(𝑡)                                                             (22) 

𝑑 = 𝐷 + �̂�(𝑡)                                                                           (23) 

small perturbations in 𝑉𝑏𝑎𝑡  and D cause small perturbations in other variables 

⟨𝑣1(𝑡)⟩𝑇𝑠 = 𝑉1 + �̂�1(𝑡)                                                                    (24) 

⟨𝑖𝐿2(𝑡)⟩𝑇𝑠
= 𝐼𝐿1 + 𝑖̂𝐿1(𝑡)                                                                  (25) 

⟨𝑖𝐿2(𝑡)⟩𝑇𝑠
= 𝐼𝐿2 + 𝑖̂𝐿2(𝑡)                                                                  (26) 

Bringing the above equation into the linearized inductance and capacitance characteristic equation, 

the collation yields 

𝐿
𝑑𝑖̂𝐿1(𝑡)

𝑑𝑡
= 𝐷1�̂�1(𝑡) + 𝑉1�̂�1(𝑡) − �̂�𝑏𝑎𝑡(𝑡)                                                   (27) 

𝐿
𝑑𝑖̂𝐿2(𝑡)

𝑑𝑡
= 𝐷2�̂�1(𝑡) + 𝑉1�̂�2(𝑡) − �̂�𝑏𝑎𝑡(𝑡)                                                    (28) 

𝐶0
𝑑�̂�𝑏𝑎𝑡(𝑡)

𝑑𝑡
= 𝑖𝐿1(𝑡) + 𝑖𝐿2(𝑡) +

�̂�𝑏𝑎𝑡(𝑡)

𝑅
                                                     (29) 
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The above equation can be used to obtain the small-signal equivalent circuit model in the Buck mode 

of an interleaved bi-directional DC/DC converter, as shown in Figure 9. 
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Fig.9 Equivalent model of controlled source in buck mode 

 

The transfer function from duty cycle perturbation to inductance current perturbation can also be 

obtained as follows. 

𝐺𝑖𝑑(𝑠) =
𝑖̂𝐿(𝑠)

�̂�(𝑠)
|
�̂�1(𝑠)=0

=
𝑉1𝐶0𝑠 +

𝑉1
𝑅

𝐿𝐶0𝑠2 +
𝐿𝑠
𝑅 + 2

                                                        (30) 

In buck mode to compensate the current loop, PI compensator transfer function for the 𝐺𝑃𝐼(𝑠) =
(0.08𝑠 + 301.4)/s, Figure 10(a) is the Bode diagram before and after compensation, compensation 

system amplitude frequency characteristics of the curve to -20dB/dec across the 0dB line, crossing 

frequency of 3kHz, phase angle margin of 97.5 °, stability is guaranteed. 

Similarly, in the Boost mode to compensate the current loop, the transfer function of the PI 

compensator at this time is 𝐺𝑃𝐼(𝑠) = (0.083𝑠 + 320)/s, Figure 10(b) is the Bode diagram before 

and after compensation, compensation system amplitude-frequency characteristics of the curve to -

20dB/dec across the 0dB line, crossing frequency of 3kHz, phase angle margin of 68.2 °, the stability 

of the get Assurance. 

  

(a) Buck mode                         (b) Boost mode 

Fig.10 Bode diagram before and after the compensation in buck(boost) mode 
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6. Simulation 

6.1 Circuit parameters 

According to the system requirements and controller design, a simulink simulation model was built, 

the main electrical parameters as shown in Table 1, set the initial SOC of the power battery as 70%, 

according to the DST standard power curve, the standard power curve test time is reduced by the 

same ratio, set the peak power of 1kw, a given standard power curve. 

 

Table 1. Selection of circuit parameters 

Parameter Value 

DC bus voltage/V 200 

Power battery rated voltage/V 80 

Inductance L/mH 1 

Capacitance 𝐶0/µF 60 

Capacitance 𝐶1/µF 10 

Switching frequency/kHz 20 

 

6.2 Simulation Results 

 

 

Fig.11 Simulation waveforms of DST power-tracking         Fig.12 power battery parameters 

 
Fig.14 Ripple waveforms of inductance current  Fig.15 Switching from charging to discharging 
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As shown in Figure 11, the power tracking curve of the simulation is shown above, and you can see 

that the system can track the response very well. When the power is positive, the power cell is 

discharged and the battery power SOC goes down; when the power is negative, the power cell is 

charged through the DC bus side and the battery power SOC goes up. The corresponding curves of 

current, terminal voltage, and SOC of the power battery are shown in Figure 12. 

Figure 13 shows the two-phase inductance current and the total current waveform after 

superimposition, which significantly reduces the current ripple after superimposition. Figure 14 

shows the curve of the change of battery parameters from charging mode switching to discharge mode. 

Figure 16 shows the change in battery current from discharge mode switching to charge power mode. 

Figure 17 shows the change curve of discharge power surge power battery parameters. 

 

   
Fig.16 Switching from discharging to charging      Fig.17 Sudden change in discharge power 

 

7. Conclusion 

In this paper, the working principle of the interleaved bi-directional DC/DC circuit is introduced, and 

the two-phase parallel structure is selected to effectively reduce the output current ripple, reduce the 

volume of inductance and capacitance, and improve the power density of the converter. The power 

battery charging and discharging simulation is carried out by using PI current closed-loop control and 

DST power test curve as the reference curve, and the simulation results show that the system can well 

meet the requirements of power battery testing. 
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