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ABSTRACT: The performance analysis of new MATLAB simulink proposed model of hybrid energy storage system 
(HESS) used in Electric Vehicle using Ultracapacitor (UCEV) presented along with different configuration of 
converter. In HESS, because of inherent characteristics of high power density and converter configuration the UC will 
be utilized to absorb or deliver high rate of charge transfer. This results that a relatively constant load profile is created 
for the battery that is, battery is not used for very high rate of charge transfer which will increase the life of battery 
plates, less heating of battery and also increase driving range of vehicle. 
 
KEYWORDS:Brushless DC motor, Hybrid Energy Storage System (HESS), Electric vehicle technology, MATLAB 
Simulink, Regenerative Braking System (RBS), AC and DC drives, Ultracapacitor (UC).
 
NOMENCLATURE: 
EV  Electric Vehicle 
ATLS  Anti-theft lock system 
BLDC  Brushless DC 
RBS  Regenerative Braking System 

HEV  Hybrid Electric Vehicle 

HESS  Hybrid Energy Storage System 

UC  Ultracapacitor 
 
 

I.INTRODUCTION 
 

Different converter topologies have been emerged in last few years for the development and implementation of HESS 
in HEVs [1]-[13].The performance analysis has been presented in different working modes like constant low speed 
operation, constant high speed operation, acceleration mode and regenerative braking mode. Controller configuration 
discussed along with resulting waveforms of different parameters. 

 
A. INVERTER AND MOTOR SECTION 
A three-phase, six-step inverter used in proposed model taken from MATLAB library. Parameters of inverter is given 
below- 

No. of bridge arm 3  Snubber 
capacitance 

1 µF  Ron 1 mΩ 

Switching device MOSFET  Snubber 
resistance 

5 kΩ    
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Hall sensor signal is converted into emf of a, b and c coil. Based on different condition that signal gives gate signal for 
inverter gate terminal. If	ℎ௔,ℎ௕ ,ℎ௖  are hall sensor signal and the	݁݉ ௔݂	,	݁݉ ௕݂ , 	݁݉ ௖݂		 are emf of a, b and c coil of 
BLDC motor, then according to condition which given in fig. 1 the gate signal (Q1-Q6) of inverter decided as shown 
below- 

 
 Q1 Q2 Q3 Q4 Q5 Q6 ࢉࢌ࢓ࢋ ࢈ࢌ࢓ࢋ ࢇࢌ࢓ࢋ ࢉࢎ ࢈ࢎ ࢇࢎ
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 -1 +1 0 0 0 1 1 0 
0 1 0 -1 +1 0 0 1 1 0 0 0 
0 1 1 -1 0 +1 0 1 0 0 1 0 
1 0 0 +1 0 -1 1 0 0 0 0 1 
1 0 1 +1 -1 0 1 0 0 1 0 0 
1 1 0 0 +1 -1 0 0 1 0 0 1 
1 1 1 0 0 0 0 0 0 0 0 0 

 

 
Fig. 1emf signal to gate signal conversion 

 
BLDC motor, also called permanent magnet synchronous machine. In MATLAB library it is available with sinusoidal 
as well as trapezoidal back emf with 3-phase and 5-phase system. It works as motor as well as generator with positive 
and negative applied mechanical torque respectively. 
 
The parameters for this model which have been chosen for motor given below- 
 

Motor 
type 

PM-
BLDC 

 Pole pairs 5  Stator phase 
resistance 

2.8750 Ω 

No. of 
phases 

3  Flux 
linkage 

0.175  Back EMF 
waveform 

Trapezoidal 

Stator 
phase 
inductance 

8.5 mH       

 
If anyone require more torque by motor at same input, simply change the no. of pole pairs. More the pole pairs develop 
more torque. Parameters taken for analysis are- 

 
Battery Panel 340V, 261Ah  Buck-Boost 

Converter 
300mH, 567 µF,21.5 kΩ, 
0.002 sec period, 72% duty 
cycle 

UC Panel 375V, 15.6F  
Speed 100rad/s  
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(a) 

The average value of torque for pole pair 3 is nearly 40 N-m, again this motor run with same input except having pole 
number. In the next simulation test, model has been run with pole pair set to 4 and obtained waveform shown below- 
 

 
(b) 

 
(c) 

Fig. 2 Torque at different no. pole pair &other parameter kept same 
 

Figure 2 shows the variation of torque value with change in number of pole pair of BLDC motor keeping other 
parameter same. 
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B. SWITCHING CONTROLLER SECTION 
This section’s main component is buck-boost converter and switches, controlled by switching controller algorithm. 
Buck-Boost converter is operated at 72% duty cycle (greater than 50%), so it works in boost mode only and it is used 
to maintain voltage level and current level as per demand, it is sensed by switching controller on behalf of different 
drives condition parameter. Boost circuit parameters already given. Configuration of controller Section shown below 
in fig. 3. 

 

 
Fig. 3 MATLAB model of switching controller circuit 

 
C. CONTROLLER SECTION  
Controller block basically detects real time signals as input and accordingly gives output to different switches.  
MATLAB Function block named ‘controller’, contains this algorithm to perform this action. 

 

 
Fig. 4 MATLAB Function block of controller 
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The switching pattern for different driving condition is given in table 1. 
 

Table 1 
Switching Pattern for different condition 

Constant Low/High speed Operation switching pattern 

Sw1 0  Sw4 1 

Sw2 0  Sw5 0 

Sw3 0  Sw6 0 

Acceleration mode switching pattern 

Sw1 1  Sw4 0 

Sw2 1  Sw5 0 

Sw3 1  Sw6 0 

Regenerative mode switching pattern 

Sw1 0  Sw4 0 

Sw2 1  Sw5 1 

Sw3 0  Sw6 1 

 
D. HYBRID ENERGY STORAGE SYSTEM(HESS) 
This section consists of array of batteries and UCs. As a replacement for of bulky Lead-acid battery now the array of 
series-parallel arranged small (usually 1.5V-1.67V per cell) Li-polymer or Li-ion batteries used. Similarly the single 
unit of UC have rating usually 3.7V, 3400F. So to obtain higher rating these are arranged in series-parallel 
combination. There are a lot of open-source research papers available which explain why Li-ion batteries and UC 
became so popular. 
 

II.LITERATURE SURVEY 
 

N. Mohan et al. [1], reported several types of converters and load operations along with different control techniques of 
drive operations. The different classification and basis of classification is also explored in these articles for better 
understanding of converter interface according to the load requirements. Iqbal Husain [2], gives tremendous description 
of electric vehicles and also discussed about their designs. A. Emadi et al. published papers on electric vehicles power 
management and electric vehicle’s energy storage systems [3] [4] [5]. In the same field J. Shen et al. [6] has been 
published a paper. Z.Amjadi [7] and F. Akar et al. [8] both proposed bi-directional energy controller for EVs with 
different control strategy. J. Lee et al. [9] proposed an algorithm for Series HEV to control the multiple energy sources. 
Similarly L. Gao et al. [10], M. Ortuzar et al [11], W. Lhomme et al. [12] andA. D. Napoli et al. [13] [14] presented 
paper on different techniques/controllers for electric and hybrid electric vehicle power management and also control 
strategy for multiple inputs. 
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III.PROPOSED UCEV MODEL 
 

Fig. 5 shows block diagram and Fig. 6 shows simulink model of proposed UCEV. 
 

 
Fig. 5 Block diagram of proposed UCEV model 

 

 
Fig. 6 MATLAB Simulink of proposed UCEV model 

 
IV.PERFORMANCE STUDY OF PROPOSED UCEV MODEL 

 
Performance analysis of proposed HESS controller for UCEV model has been done in different condition and working 
modes in MATLAB environment. Main concern of this research paper is to design an advanced smart converter which 
provide better HESS for EV. 

 
A. CONSTANT LOW SPEED OPERATION 
In this mode there is no requirement of boost voltage so only battery is treated as power source. The converter 
configuration for this mode shown in Fig. 7. 
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Fig. 7 Configuration for constant low speed operation 

 
The waveform of battery, motor and inverter parameters are shown below- 

 

 
 (a) Battery Voltage waveform 

 
(b) Battery current waveform 

 
Above fig. 8(a) and fig. 8(b) shows that battery voltage and battery current waveforms are smooth. At low speed 
operation (below 30km/hour assumed low speed) there is no need of ultracapacitor because there is no need of high rate 
of charge transfer. 
 

 (c) Back emf waveform 
 

(d) Stator current waveform 

Fig. 8(c) shows that back emf waveform of PMSM motor which has been selected as trapezoidal while parameter 
setting, is obtained trapezoidal as excepted. Similarly fig.8(d) shows that stator current waveform is under acceptable 
limit. A closed view of both waveform is shown. 
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(e) Motor torque waveform 

 
(f) Gate signal for inverter 

Fig. 8 Waveforms for constant low speed operation 
 
Fig. 8(e) shows that torque waveform of PMSM motor is nearly 90 N-m, and this small fluctuation shown in closed 
view of waveform. It is under acceptable limit. Similarly fig. 8(f) shows waveform of gate signal generated for inverter 
operation. 
 
B. CONSTANT HIGH SPEED OPERATION 
In this mode also thereis no requirement of boost voltage so only battery is treated as power source. The converter 
configuration for this mode shown in fig. 9. 
 

 
Fig. 9 Configuration for constant high speed operation 

 
The waveforms of battery, motor and inverter parameters for this operating mode are shown below- 
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(a) Battery Voltage waveform 

 
(b) Battery current waveform 

 
Above fig. 10(a) shows that avg. battery voltage is nearly 340.64V, and there is very small fluctuation about 0.10V in 
340V is obtained which can be neglected. Because the waveform is taken as closed sectional view so the variation is 
observable.And in fig. 10(b) battery current waveforms shows that maximum value of current is 9A. 

 

 
(c) Back emf waveform 

 
(d) Stator current waveform 

 
Above fig. 10(c) shows that under constant high speed operation stator torque is smooth and the time period of pulse is 
reduced as compare to previous constant low speed case. Fig. 10(d) shows stator current waveform shows the same 
effect in compare to previous case i.e. time period reduced.   
 
Below fig. 10(e) shows that avg. value of motor torque is nearly 14 N-m, and fluctuation occurred in waveform is for 
very short span on time scale as well as on amplitude scale. Fig. 10(f) shows the signal fed to inverter gate for 
switching operation. 
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(e) Motor torque waveform 

 
(f) Gate signal for inverter 

Fig. 10 Waveforms for constant high speed operation 
 

C. ACCELERATION MODE OPERATION 
In this mode battery as well as UC both sources provide power to the motor, because when motor works in accelerating 
mode then it require large rate of charge transfer. So the converter configuration for accelerating mode operation of 
UCEV shown below- 
 

 
Fig. 11 Configuration for acceleration mode operation 

 
The speed for acceleration mode is taken from look-up table, and given to motor speed port. The speed value with 
respect to time shown below- 
 

 
Fig. 12 Speed pattern for acceleration mode operation 

 
The waveforms of battery, motor and inverter parameters for this operating mode are shown below- 
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(a) Battery Voltage waveform 
 

Above fig. 13(a) shows the battery voltage waveform under acceleration mode and closed view of this waveform is also 
shown along with this. It shows that waveform is smooth and almost ripple free.   

 

 
(b) Battery current waveform  

 
Above fig. 13(b) shows the battery current waveform under acceleration mode and closed view of this waveform is also 
shown along with this. It shows that waveform is smooth and almost ripple free.  
 
In acceleration mode, the purpose of ultracapacitor will be shown in next waveform. At the same time when both input 
sources get connected then by virtue of acceleration mode effect of load (motor) will affect the performance of source 
(input electrical source), but the ultracapacitor will absorb the transient because of inherent characteristic and that is 
why battery performance will be almost unaffected. 
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(c) UC voltage waveform 

 
Above waveform of UC voltage shows that from starting to 3 second ripples are presented, but as per construction UC 
is so rugged and there is nothing so serious for UC. Ripples can be obverse clearly in closed waveform of UC voltage.  
 

(e) Back emf waveform 
 

(f) Stator current waveform 
 
Fig. 13(e) shows the motor back emf waveform, it shows that as the speed increases, the frequency of emf waveform 
increases (i.e. time period decreases) and emf magnitude is increases.  Fig. 13(f) shows the stator current waveform, as 
speed increases the magnitude of current decreases and frequency of current cycle is increases. 
 
Below fig. 13(e) shows that motor torque reduces with increase of speed. Fluctuation in torque is low and it became 
lesser as speed increases.  Fig. 13(f) shows the signal fed to inverter gate for switching operation. 
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(g) Motor torque waveform  
 (h) Gate signal for inverter 

 
Fig. 13 Waveforms for acceleration mode operation 

 
D. REGENERATIVE MODE OPERATION 
In this mode battery as well as UC both sources connected to the motor but this time power flow opposite to 
acceleration mode. It is similar to braking, in practical vehicle driving this mode is also used so frequently. If the rate of 
change of speed is negative then it is called deceleration. In this mode the torque becomes negative, so controller 
converts mechanical power to electrical energy i.e. controller starts work in regenerative mode. Converter configuration 
for regenerative mode of UCEV shown below- 

 

 
Fig. 14 Configuration for regenerative mode operation 

 
The waveforms of battery, motor and inverter parameters for this regenerative mode operating mode are shown below- 
 
Fig. 15(a) shows that the fluctuation in battery voltage is very small i.e. 0.04V in 340V, so it can be neglected. 
Similarly, closed waveform of battery voltage shows that ripples at the edge of voltage waveform is order of 0.005V, it 
can also be neglected in comparison of 340V.   
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(a) Battery Voltage waveform 

 
Similarly in fig. 15(b) the ripples presented in battery current is order of 0.4A, which can be observed in closed view of 
battery current waveform. 

 

 
(b) Battery current waveform 

 
It is clearly observed in fig. 15(c) that transient effect is more on UC voltage as compared to battery voltage shown in fig. 15(a). 

 

 
(c) UC Voltage waveform 

 
Similarly fig. 15(d) shows that transient effect is more on UC current as compared to battery current waveform shown in fig. 15(b). 
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(d) UC current waveform 

 
The regenerative voltage passes through boost circuit so that UC+Batterycan be utilize more power.The waveform of boost voltage 
is shown below in fig. 15(e). 
 

 
(e) Boost voltage waveform 

 
Fig. 15(f) shows that as speed decreases emf waveform magnitude decreases and frequency too. It support is statement for fig. 13(e). 
 

(f) Back emf waveform 
 

(g) Stator current waveform 
 
Fig 15(g) and fig. 15(h) shows that at 1.5sec the speed became too slow that is the reason of drop in torque and it also 
reflected in stator current waveform. Fig. 15(h) shows inverter gate signal for regenerative mode operation. 
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 (h) Motor torque waveform 
 

(h) Gate signal for inverter 

Fig. 15 Waveforms for regenerative mode operation 
 

V. RESULT DISCUSSION AND CONCLUSION 
 

From above results some key points should be discussed like- 
i. Simply to obtain more torque, choose motor with more no. of pole pair. 
ii. Fig. 8(f), 10(f), 13(h) and 15(h) clearly shows that gate signal fed to inverter varies with emf of coil a, coil b and 

coil c. 
iii. Switching Controller automatically change the converter configuration based on rate of change of speed. 
iv. Ripples are absorbed by UC while accelerating and regenerative mode. In constant low speed and constant high 

speed operation negligible ripples present so no need to connect UC. 
v. After comparing the voltage and current waveform of battery with ultracapacitor in each cases the study showed 

that how efficiently ultracapacitor absorb the transient and protect the batteries from overheating and other factors 
which causes short life, damaging plates of battery, poor performance. 

vi. The analysis of performance of motor under all cases showed satisfactory results. 
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