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Abstract—In this paper, we introduce the combination of   

thermostat control strategy (TCS) and DC-link voltage control 

strategy to improve fuel economy for series hybrid electric 

vehicles (HEVs). The main method is tuning essential 

parameters, including a parameter under DC-link voltage 

control and a selected constant as an important judgement 

condition of charging operation modes under TCS. The 

minimum mass points of equivalent fuel consumption (EFC) 

corresponding to a series of variables are marked for worldwide 

harmonized light vehicles test procedure (WLTP). By analysis 

and verification, the fuel economy of series HEVs with WLTP 

performs better with the combination control schemes than 

individual control scheme, so this scheme proves very effective 

for series HEVs driving in an urban environment. 

     Keywords—series hybrid electric vehicles; thermostat control 

Strategy; DC-link voltage control; tuning; equivalent fuel 

consumption  

I. INTRODUCTION  

A. Background 

The development history of vehicle is over 100 years. The 

vehicle has become an important symbol of modern       

civilization. However, there are more than 100 kinds of 

pollutants in automobile exhaust [1] and the vehicle causes  
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the noise pollution, traffic accidents, shortage of oil resources, 
and other serious challenges. Electric vehicle (EV) has a lot 
advantages for environment, energy and technical concerns, 
so governments pay more attention to development of EV. 
HEV is a suitable transition between pure electric vehicles and 
traditional vehicles. 

In the past half century, control systems have been 
developed to run various industrial devices [2-5]. Control 
systems are also essential for vehicles, which can improve 
driving performance to satisfy increasing efficiency 
requirement [6-9]. TCS and DC-link voltage control strategy 
are two kinds of control strategies for HEV and control 
different variables of different modules respectively. TCS 
mainly influences operative modes of primary source and 
secondary source, while DC-link voltage control mainly 
controls DC-link voltage to influence battery efficiency. Thus, 
it is possible to obtain better performance by combining the 
two strategies together. 

B. Series Hybrid Electric Vehicles 

Series HEV is a kind of HEVs. For series HEV, the series 
drivetrains are the simplest hybrid configuration[10]. The 
powertrain of series HEV includes: the primary source (PS), 
the secondary source (SS) and the propulsion load (PL). The 
diagram of the series HEV is given in Fig.1.  

As power sources, the PS and SS provide power for PL. 

The relationships of them are as follows： 

                                      PPS + PSS = PPL                                  (1) 

PPL  represents the load power of PL. PSS  represents the 
power of SS. PPS  represents the output power of PS. 
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Propulsion Load: PL mainly includes permanent magnet 
synchronous motor (PMSM) and continuously variable 
transmission (CVT). CVT links the wheel of the vehicle and 
the motor. The PMSM connects the DC link of the powertrain 
by an inverter. The inverter is bi-directional, that is, when 
braking happens, it works as a rectifier. The inverter links the 
motor and the DC bus. The condition losses and switching 
losses are essential for the inverter [11][12]. 

Primary Source: The primary source of HEV includes 
permanent magnet synchronous generator (PMSG), internal 
combustion engine (ICE) and rectifier. PMSG connects ICE. 
ICE transforms chemical energy to mechanical energy, while 
PMSG converts the mechanical energy to electrical energy. 

Secondary Source: Second source of HEV mainly 
includes battery and converter. There are two essential 
parameters for DAB converter: the ratio of voltage 
conversion (d) and the phase shift (φ) between the primary 
and secondary signals of switch gating. The expression of d 
is as follows: 

                                          d= 
v0

nvi
 .                                           (2) 

v0  and vi  represent the output and input voltages of the 
DAB converter respectively. n represents the ratio of 
transformer [13]. φ represents phase shift between the 
primary and secondary signals of switch gating. The value of 
φ can show the power flow direction. The relationship 
expression about φ and average power of DAB converter is 
given [13] as follows: 

                            Pavg = viv0φ(π − φ)/2nπ2Lf                       (3) 

The symbol f represents the frequency of DAB converter 
switching. L represents leakage inductance of the DAB 
converter. There are two modes for the DAB converter: boost 
mode (forward power) and buck mode (reverse power). 
When d is more than 1 or φ is positive, the converter works 
in boost mode. When d is less than 1 or φ is negative, the 
converter works in buck mode. The losses of the DAB 
converter are composed of the condition loss, switching loss 
and core loss. 

System Integration: The system integration of HEVs 
consists mainly of PL, PS, SS, Supervisory Control System 

(SCS) and Start Stop System. The structure of the series HEV 
powertrain is given in Fig. 2. 

C. Driving Cycle 

Driving cycle is the relationship of the speed versus time 

for vehicles. WLTP is a single driving cycle including four 

stages, low speed (WL-L), medium speed (WL-M), high 

speed (WL-H) and extra high speed (WL-E). WLTP is 

applied in this paper. Multiple iterations for driving cycles 

can keep the fuel consumption reasonable and balanced for 

the different driving cycles. 

D. Equivalent Fuel Consumption  

For evaluation of fuel economy, the most suitable 
approach is converting the consumed charge and fuel into 
EFC. EFC is essential which can evaluate control strategies, 
especially for tuning process of variables. The less EFC is, 
the better performance has control strategy. The EFC is 
defined as:  

        Mefc=Mf+Sd,efc × ∆SOC× Qmax × vb,OC, ∆SOC>0          (4) 

        Mefc=Mf+Sc,efc × ∆SOC× Qmax × vb,OC, ∆SOC<0          (5) 

Mefc  and Mf  represent the mass of EFC and fuel consumption 

respectively. Qmax  represents the maximum capacity of the 
battery. vb,OC  represents open circuit battery voltage. SOC 

represents state of charge. ∆SOC=SOCinitial-SOCfinal. Sd,efc and 

Sc,efc represent parameters related to driving cycles. The fuel 

energy 𝐸𝑓 and electrical energy 𝐸𝑒 are defined as: 

                              𝐸𝑓 = 𝑚𝑓𝑄
𝐿𝐻𝑉

                                      (6) 

                         𝐸𝑒 = ∆𝑆𝑂𝐶𝑄
𝑚𝑎𝑥

𝑣𝑏,𝑂𝐶                              (7) 

 
𝑄𝐿𝐻𝑉 represents the lower  heating value of the fuel. 𝑚𝑓 

represents the accumulated fuel consumption. The range of 
SOC is [50%, 80%]. The summed fuel economy of WL-E is 
much more heavy than other drive cycles, so half EFC of WL-
E will be considered for total fuel economy. The definition of 
total EFC is defined as [14]:  

        Mtot=Mefc,WL−L+Mefc,WL−M+Mefc,WL−H+Mefc,WL−E/2    (8) 

 

Fig. 2. The diagram of series HEV powertrain  
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E. Other 

This paper mainly focuses on the control of the 
powertrain, so the accurate series HEV model with 
powertrain and car response is necessary. The series HEV 
model in the paper was modified based on the model built by 
Dr. Wassif Shabbir. European family saloon is representative 

and suitable, so it is applied for the model [10].  

This rest of the paper is organized as follows: Section II 

presents TCS、DC-link voltage control and the combined 

control strategy. In Section III, a series of simulations on 
series HEV model are conducted and analysis is made 
according to simulation results. Conclusions are summarized 
in Section IV. 

II. CONTROL STRATEGIES 

A. Thermostat Control Strategy 

    In 1995, Petit and Anderson designed basic knowledge of 
control strategies for series HEV and TCS [15]. In 1996, 
Hochgrafe et al. studied more knowledge on TCS [16]. 
Nowadays, the rule of TCS is more complete and become a 
simple, basic and traditional control strategy for series HEV 
[17]. The relationship of PS and SS is as follows,  

                                   PPS,cop+PSS=PPL,                                      (9) 

  PPS,cop is PS operation power which should be set and is 

usually the most power efficient point of PS operation. The 
value of PPS,cop should be selected according to the mass of 

EFC. The detailed principle of TCS is: SOC is more than 80%, 
PS stops to run and SS starts to discharge; SOC is less than 
50%, PS starts to run; SOC is more than 50% and less than 
80%, PS keeps the previous state. 

The TCS rule diagram about SOC and PPL is shown in Fig. 

3. S represents the state of PS: S=1 means that PS runs and 
S=0 means that PS stops to run. 

B. DC-Link Voltage Control Strategy 

The block of DC-link voltage control is a part of the DAB 

converter. Constant voltage PI control (CVPI) and persistent 

zero voltage switching control (PZVS) are two types of DC-

link voltage control strategies. 

1) Constant voltage PI control: The block diagram of 
CVPI control is shown in Fig. 4. The input of CVPI control is 
the error between the reference voltage and real-time voltage 
of DC-link, while the output is real-time voltage of DC-link. 
The reference voltage of the DC-link is designed as 700 V. 

Thus, the voltage of the DC-link tends to be controlled as 700 

V by PI control and the voltage should keep a steady state. 
The control principle is that the power of DAB converter is 

controlled by value of φ. The parameters of PI control are set: 
𝐾𝑖 = 0.016 and 𝐾𝑝 = 0.16. 

2) Persistent Zero Voltage Switching Control: The block 
diagram of PZVS control is shown in Fig. 5 [13]. From the 
diagram, the relationship of d and φ is: φ = K (1 – d). K 
represents a constant parameter, and the condition that K 

should satisfy is: - 
2

π
 ≤ 

1

k
 ≤ 

2

π
. Thus, K ≥ 

2

π
 [13]. 

 Because of the relationship between DAB power flow and 
DC-link voltage, operating points in the Forward-Buck and 
Reverse- Boost regions tend towards the point (φ, d) = (0, 1), 
yielding a stable controller [13]. This is because the operation 
points in the reverse-boost and forward-buck regions naturally 
tend towards the origin. Selecting value of K is an essential 
part to minimum the mass of fuel economy. 

C. The Combined Control Strategy 

TCS is a traditional control strategy and DC-link control 
strategy is a new control strategy for series HEV, which both 
have good control effects on vehicle driving. Thus, it is 
possible that a new control strategy has a better performance 
by combining them. The block of supervisory controller is 
independent of the block of PL, PS, SS and DC-link in the 
series HEV model. Some components are added in Vdc,ref and 

added between Vbat  and Vdc according to Fig. 4 and Fig. 5 on the 
model under TCS. 

      1) Tuning Parameters: The key point of the paper is 
applying TCS and DC link voltage control strategies together 
to achieve the better performance compared with individual 
control strategy.  

K is the tuning parameter for PZVS. φ = K (1 − d). φ is a 
controlled variable for PZVS and CVPI. The control law 
corresponds to a diagonal line passing through the origin (d, 
φ) = (1, 0) on the d-φ plane [18]. When K is tuned, diagonal 
line of d-φ is bended to pass through the region of best 
efficiency.  

   PPS,cop is the only tuning variable for TCS. By tuning, 

the value of PPS,cop  will make PS run at optimal operating 

 

Fig. 4. The block diagram of CVPI control 

 

Fig. 3. The diagram of TCS rule 

 

Fig. 5. The block diagram of PZVS control 
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point. An objective tuning process should be conducted to fix  

the accurate value of K. 

 2) Tuning Process: Model simulations were conducted 
on all combinations of drive cycles, PZVS, and TCS. The 
simulations have been used to iteratively tune K and PPS,cop 

by a simple search method to minimizeMefc. 

For tuning K, model simulations were conducted with 
four drive cycles individually under TCS with different K 
values. By obtaining minimum Mefc , the corresponding 
optimal K will be found individually for four driving cycles 
of WLTP. Based on calculation equation of total Mefc , the 
least value of Mefc will be found, so the optimal K for WLTP 
will be obtained.  

  For tuning PPS,cop  (TCS), model simulations were 

conducted with four drive cycles individually under TCS 
with different PPS,cop  values and fixed value of K. By 

obtaining minimum Mefc , the corresponding optimal PPS,cop 

will be found individually for four driving cycles of WLTP. 
The next step is to calculate the total Mefc  and find the 
minimum value of Mefc. Then the optimal value of PPS,cop will 

be obtained. 

The appropriate range of K is selected as [2, 5]. The 
values of PPS,cop (TCS) is fixed in the process of tuning K. For 

TCS, based on the calculation rules of total Mefc in the whole 
driving cycle, K equals 5 when the total Mefc is minimum. 
Thus, 5 is the optimal value of K for TCS. 

The tuning range of PPS,cop is [16, 28] for TCS. Model 

simulations were conducted iteratively on all combinations 
of drive cycles under TCS and PZVS with different values of 
PPS,cop  and K=5. The simulation result of tuning PPS,cop  is 

whatever value of PPS,cop is, the Mefcs keep 0.0708 and 0.1427 

with WL-L and WL-M respectively. The diagrams of Mefc 
and PPS,cop with WL-H and WL-E are shown in Fig. 6. 

It can be found that when PPS,cop equals 17.5 and 25.2, 

Mefcs are least with WL-H and WL-E respectively. The total 
Mefc is sum of Mefc for four stages. The total Mefc is minimum 
when PPS,cop is 19.8. Thus, the tuning result of PPS,cop is that 

PPS,cop equals 19.8 under TCS. The tuning results are given in 

Table I. In conclusion, the optimal value of K and PPS,cop for 

WLTP are 5 and 19.8 respectively. 

III. SIMULATION AND RESULTS 

All of the car dynamics were built in Simulink by using 
the SimMechanics library. The series HEV model was 

TABLE I.  THE TUNING RESULTS 
 

the SimMechanics library. The series HEV model was 
running with optimal values of K and PPS,cop  for WLTP. The 

results are two parts: the loci of d-φ and simulation result 
graphs of the power, the voltage of DC link, SOC and mass of 
EFC. 

A. The Result of d- φ 

The loci of d-φ in WL-M, WL-H and WL-E are shown in 
Fig. 7 and Fig. 8 respectively. The left diagrams are the results 
under TCS and PZVS. The right diagrams are the results under 
TCS and CVPI. 

For PZVS, the ranges of φ and d are [-17, 33] and [0.88, 
1.06] respectively. For CVPI, the ranges of φ and d are [-17, 
35] and [0.9, 1.1] respectively. The loci of d-φ extend more 
into quadrant of positive φ. The reason is that the magnitudes 
of positive power are more than magnitudes of positive 
power for SS. 

The loci of PZVS are straight lines passing through (0,1) 
and its slope is -1/K. Simulation results under CVPI are the 
loci of d-φ passing around (0,1) and with a positive slope. 
The straight line loci under PZVS passes through (0,1). When 
φ changes its sign, these lines of PZVS avoid the low 
efficiency regions at d ≠ 1. For CVPI, the converter is often 
operated at inefficient points around the (0,1) [1]. As the 
stages speeds of WLTP increasing, maximums of φ and d for 
CVPI increase. 

B. The Results of Other Variables 

For each stage of driving cycle, simulation is conducted 
for two times, which benefits to show the performance of 

Control 

strategy 

Tuning 

variables 

Mefc 

(WL-
L) 

 

Mefc 

(WL-
M) 

 

 

Mefc 

(WL-
H) 

 

Mefc 

(WL-
E) 

 
Total 

Mefc  

 

TCS 

 

K 5 5 4.5 4.8 5 

𝑃𝑃𝑆,𝑐𝑜𝑝 
No min   No 

min  

17.5 25.2 19.8 

    

Fig. 6. The tuning diagrams of Mefc and PPS,cop with WL-H and WL-E 

    

Fig. 7. The loci of d-φ under TCS-PZVS and TCS-CVPI in WL-M 

    

Fig. 8. The loci of d-φ under TCS-PZVS and TCS-CVPI in WL- H 
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control strategy. The simulation results under TCS and DC-
link voltage control for WL-L are shown at Fig. 9. 

The power of PL only depends on road load. It means that 
road load is dependent on driving cycle. Thus, the time 
histories of PL power are unchangeable whatever the control 
 

 strategy is. When the speed of series HEV increases, the 

power of PL is positive and there is a power spike. When the 

speed of vehicle decreases, the power of PL is negative and 

that means the vehicle is braking. The DC-link voltage under 

CVPI is more stable than the DC-link voltage under PZVS as 

the PI control. 

It can be found that there is a correlation between the 

power of SS and the voltage of DC-link under PZVS. The 

voltage of DC-link drops when the power of SS increases 

over zero; the voltage of DC-link increases when the power 

of SS drops below zero. This imposes an almost linear and 

with negative slope dependence of the respective phase-shift 

variable to Vdc, since variation of Vbat is small. The mass of 

EFC under PZVS is less than the mass of EFC under CVPI. 

The mass of EFC under PZVS and TCS performs better than 

the individual control scheme.  

For WL-L, the maximum power of PL is about 25kW, 

while the minimum power of PL is -15 kW. For WL-L, the 

average speed is low, so the demanded power of PL is low. 

SS mainly supplies for PL, and PS does not run. The DC link 

voltage are around 700V as Vdc,ref =700 V. The simulation 

results under TCS scheme and DC-link voltage control for 

WL-M ,WL-H and WL-E are shown at Fig. 10 and 11. 

With WL-M, the power range of PL extends because the 

average speed of vehicle increases compared with WL-L. 

When SOC under TCS drops to 50% at the time 500 s, the PS 

starts to run and the battery is being charged. For TCS, Mefc 

under PZVS falls by 3.8% compared with CVPI for WL-M.  
With WL-H, the period that the powers of PS keep 0 at 

the beginning for WL-H becomes shorter than the period of 

WL-M. The reason is that the demanded load power of PL 

exceeds the power of the battery, so the PS and SS work 

together to power the motor. For TCS, Mefc under PZVS falls 

by 6.16% compared with CVPI for WL-H. For WL-E, the 

maximum power of PL is about 50kW, while the minimum 

power of PL is -20 kW. The load power of PL has the highest 

demand of power, and the PS is continuously switched on as 

the power of SS is lower than the demand load power. For 

 

 

 

Fig. 9. The simulation results with WL-L 

 

Fig. 10. The simulation results with WL-M 
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TCS, Mefc under PZVS falls by 5.32% compared with CVPI 

for WL-E. The results of Mefc are given in Table II. 

TABLE II.  THE RESULTS OF  MEFC 

 

Stages  

 

WL-L 

 

WL-M 

 

WL-H 

 

WL-E 

 

Combine  

 

TCS-

CVPI 

 

TCS-

PZVS 

 

TCS-

CVPI 

 

TCS-

PZVS 

 

TCS-

CVPI 

 

TCS-

PZVS 

 

TCS-

CVPI 

 

TCS-

PZVS 

 
Mefc 

 

0.0800 

 

0.0708 

 

 

0.1484 

 

0.1427 

 

0.2648 

 

0.2485 

 

0.4451 

 

0.4214 

 

IV. CONCLUSION 

TCS and DC-link voltage control are combined to 

improve fuel economy in the paper. By tuning a parameter 

under DC-link voltage control and a selected constant under 

TCS, the points of minimum mass of equivalent fuel 

consumption are marked for WLTP driving cycle. By tuning 

of two important control variables, the scheme of PZVS 

outperforms the scheme of CVPI in terms of the mass of 

equivalent fuel consumption. The improvements are 

achieved for four stages of WLTP driving cycle. Total mass 

of equivalent fuel consumption of PZVS falls by 4.62% 

compared with CVPI and TCS for WLTP. Tuning variables 

of DC-link voltage and TCS is effective method to improve 

the fuel consumption. After simulations and analysis, this 

scheme proves very effective for series HEVs in an urban 

environment. 
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Fig. 11. The simulation results with WL-H 
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