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1. Introduction  

The sustainable development, defined as development that meets the 
needs of the present without compromising the ability of future generation 
to meet their own needs gained a lot of attention in the past few years [1]. 
In this concept, the sustainable mobility has an important role, 24% of 
global CO2 emissions being generated by the transportation sector [2].   

The replacement of the internal combustion engine-based powertrains 
with hybrid-electric or electric ones is a complex and competitive 
challenge for both manufacturers and researchers. The total efficiency of 
a conventional powertrain is around 20% while for the electric one is 
about 60%, with an additional benefit of an eco-friendlier solution. 
However, the drawback of the electric powertrain is the battery as its 
energy density is about two times lower than the one of gasoline. A 
potential solution for the power storage system can be a combination of 
two or more energy storage technologies resulting a hybrid energy 
storage system (HESS) [3].  The classification of the energy storage 
systems technology is detailed in fig. 1.1. The electrified propulsion 
systems are divided in three main categories: hybrid electric vehicles 
(HEVs), plugged-in hybrid electric vehicles (PHEVs) and electric vehicles 
(EVs). For the HEVs and PHEVs the powertrain architecture can be 
series, parallel and series-parallel. Between HEVs and PHEVs the main 
difference is the battery size/rating and its charging possibility. The 
focus of this thesis is oriented towards complete electric vehicle-based 
powertrain analysis.  

The main electrical machines considered as lucrative traction solutions 
in an electric powertrain are the DC machine, induction machine (IM), 
permanent magnet synchronous machine (PMSM) and switched 
reluctance machine (SRM) [4, 5, 6]. 

The DC machine is a good candidate for electric propulsion systems due 
of its torque-speed characteristics and its simple control. However, the 
drawbacks of this machine are the low efficiency, bulky construction, 
regular maintenance due to the mechanical commutator and 
electromagnetic interferences caused by the commutation process.  The 
induction and synchronous machines drives are replacing the DC drives 
in traction applications due to the advances in the field of power 
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semiconductors. The commutatorless motor drives are more attractive 
for electric propulsion due to the maintenance-free operation and high 
reliability [5].  

 

Fig. 1.1. Energy storage classifications [3] 

The induction machine is used for EVs and series HEVs where a high-
power machine is necessary. The technology for the induction machine 
production is mature and is relatively cheaper because they have a long 
production history. Low maintenance and weight are some of the 
benefits to use these machines in the propulsion systems. The field-
oriented control for the IMs is well known and in case of inverter faults 
the machine is naturally de-excited. At higher speed and lower torque, 
maximum efficiency is reached as the copper and core losses are 
minimum. When the machine is operated at low speed, the efficiency 
drops due to increased rotor losses [7,8,9].  

The switched reluctance machine is exceptionally robust with no 
permanent magnets, suitable for harsh environments operation. 
Structurally this machine is similar to the stepper motor, the difference 
being the stator phase currents that are switched function of the rotor 
position. The main advantages of this machine are the constant power 
region at extended speed, high efficiency operation at high speed, high 
power density and its fault tolerant nature. However, the disadvantages 
are the low power factor and the large acoustic noise [7, 9]. 
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Permanent magnet synchronous machine is used for electric propulsion 
due to its high torque density and efficiency. Both surface-mounted 
permanent magnet (SPM) and interior permanent magnet (IPM) types 
are used for traction applications. Custom control algorithm is required 
for both configuration and the operating regime covers a wide speed 
range when flux-weakening operation is implemented [8]. The main 
disadvantage of this machine is the cost of the permanent magnets. 
Furthermore, the efficiency is reduced when operating in flux weakening 
because high d-axis current is needed [10]. Operating at high speeds the 
core losses are predominant and are increasing rapidly with the speed 
due to the current applied on d-axis [7].     

 1.1. Current state of knowledge  

A basic powertrain schematic for electric propulsion where a Permanent 
Magnet Synchronous Machine (PMSM) is used as a traction motor is 
presented in fig. 1.2. The reference torque for the torque controller is 
obtained from the driver through the acceleration and braking pedal. 
This reference is taking into consideration the speed of the motor and 
the DC link voltage usually supplied by a battery. In the torque control 
block the reference currents for the d and q axis are computed and input 
to the current regulators. The references are compared with the 
measured currents and by appling the modulation technique the gate 
signals for the inverter are obtained and applied to the inverter feeding 
the traction motor. The three-phase currents feedback are needed for the 
current controller. To reduce the total cost of the traction system, an 
estimation algorithm can be applied for the speed and the position of the 
motor, resulting a sensorless drive system.  

 

Fig. 1.2. The electric powertrain schematic with PMSM [3] 
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In the modern electric vehicles, there is a complex connection between 
mechanical, electric, and electronic components. Therefore, it is essential 
to test individual components and the subsystems independently in the 
early stage of the development, before the complete system exists. The 
researchers have developed the X-in-the-loop (XiL) testing procedure.  
XiL, where X represents model (M), software (S), processor (P) or 
hardware (H), are the closed loop testing setups used for the validation 
of a newly designed system, fig.1.3. A general schematic for an electric 
propulsion system where XiL can be applied is presented in fig. 1.4 

 

Fig. 1.3. XiL testing setups  

The first step for a new system developing process is the model-in-the-
loop (MiL) simulation. The complete system is developed using one or 
more simulation software and the first tests are taking place only in 
simulation. In this way the system feasibility is tested. For real-time-
model-in-the-loop (RTMiL) testing of the system a real-time processor is 
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used to run the simulation. To model the system, different dedicated 
software can be utilized and coupled together to run in real-time.    

The next level is the software-in-the-loop (SiL) where the controller 
model is validated and converted in code. In this simulation the 
controller block is replaced by the generated code and the rest of the 
model remains the same. Using this approach, one certifies if the control 
logic can be converted to code as for the real systems only code can be 
implemented to control the complete system.  

In the processor-in-the-loop (PiL) step, the controller model becomes 
hardware, implemented in an embedded processor or FPGA board. In 
doing so, a closed loop simulation with the simulated system model and 
the control board is tested. This step will validate if the hardware used 
for the controller is capable to correctly operate the simulated system.  

The last step is the hardware-in-the-loop (HiL) test. Here the simulated 
plant model or some of its components are replaced with the actual 
hardware and tested in different scenarios.  

 

Fig. 1.4. XiL test setup for an electric propulsion system 
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The MiL testing for the power train of electric vehicles is the first step in 
the development of a new propulsion system. In many research papers, 
[11-16], this approach is applied for hybrid or full electric vehicles. The 
next step in the development process is to run the simulation on real-
time processors, RTMiL (17-20). In (21-24) HiL testing is applied to 
validate the components or the complete propulsion system.  

 1.2. Objectives of the Thesis 
 

The goal of the thesis is to develop a flexible and complex platform where 
the electric powertrain for an EV can be tested, using different XiL 
techniques for different operation scenarios. The flexibility of the 
platform lies in the ability to switch from real-time simulation to 
hardware testing of particular components and/or of the complete 
propulsion unit based on HiL testing.  

The powertrain of an electric scooter, based on a PMSM drive, was 
considered as an application for the testing platform implemented in this 
work. This machine is an excellent candidate for the electric powertrains 
as presented in many research papers [7-8, 10].  

Custom made assemblies and custom designed electronics add value to 
the platform offering the user the possibility to range between different 
types of tests, control algorithms and load scenarios. Seamless transition 
between hardware and model testing is an added value of the developed 
platform as well as its internal energy management. The latter is 
designed in order to test the machine in both motoring and breaking 
regimes sourcing/sinking power inside the electronic converters. The 
connection between the electronics and the control board has open-
source nature, allowing transition between different brands of control 
development boards (dSPACE, National Instruments, Typhoon HiL, etc.) 
up to the designers decision. 
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 1.3. Outline of the Thesis 
 

In Chapter 1 the actual context of transportation electrification is 
presented. The classification of the energy storages for hybrid-electric or 
electric vehicles is provided. The electrical machines that can be used in 
traction applications and their advantages and disadvantages are 
described. The chapter concludes with the thesis goals.  
 
In Chapter 2 the real-time simulation models are presented and 
validated. An Amesim model for the electric vehicle is developed and the 
vehicle parameters are provided. The models of the vehicle drivetrain 
assemblies are detailed starting with the Li-ion battery cell modelling 
and cell balancing. Two different models are implemented for the cell 
and validated through test bench measurements. The cell balancing 
procedures are presented and a novel active cell balancing technique and 
circuit is detailed, implemented, and tested on five cells. In the same 
chapter the model of the three-phase voltage source inverter is 
presented with its main losses quantified. The mathematical model for 
PMSM and the field-oriented control strategy with the PI controller’s 
tunning are presented. Finally, the simulated control methods were 
applied to the real machine and the simulation results are compared with 
the measured ones proving the proper functionality of the system.  
 
 
In Chapter 3, the design, building and testing of the HiL platform 
components are detailed. The chapter starts with the requirements of the 
three-phase inverter and continues with its design. Following this, the 
three-phase inverter was built and tested in different configurations and 
connected to several types of loads. The results are presented and 
discussed in this chapter. Further on, the cell balancing, and 
identification circuits are presented. The chapter ends with the vehicle 
battery unit configuration design. 
 
In Chapter 4, the experimental results are presented and discussed. First, 
the real-time model in the loop results are analyzed. The hardware-in-
the-loop tests are divided in order to test separately the platform 
components. In the battery-in-the-loop (BiL) setup, the battery of the 
electric vehicle is tested, and the results are compared with the 
simulation. The next step was to perform PMSM HiL, where the control 
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for the traction and load machines are experimentally validated. The 
chapter continues with the test where the traction motor is supplied by 
a bidirectional DC power supply used to emulate the real battery. The last 
test was the complete HiL where all the platform hardware components 
are connected. Finally, a comparative analysis of the results from RTMiL 
and HiL are subject of a debate.  
  
Chapter 5 concludes the study and highlights personal contributions and 
future perspectives.  

 

 1.4. Conclusions 
 

The sustainable mobility has an important role in the global strategy for 

reducing CO2 emissions. The main electrical machines to be used as 

traction solutions are presented in this chapter.  A generic power train 

architecture is depicted togheter with the approached X-in-the-loop 

testing procedure. Here X stands for any closed loop testing method. All 

these setups are described based on a general schematic for an electric 

propulsion system where XiL can be applied. 
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2. The Real-time model in the loop system 

The models of each assembly of the electric scooter are developed using 

two dedicated software, Simcenter Amesim and MATLAB/Simulink. In 

Amesim the electric vehicle dynamics are modelled, while Simulink is 

used to develop the models for the electric components of the drive train. 

NI VeriStand is used to couple the two software packages, to run tests as 

a complete system. In this chapter the developed real-time simulation 

models are presented, highlighting also the required changes applied to 

the PC simulation (MiL) models in order to run their analysis on the real-
time processor (RTMiL).  

 

Fig.2.1. The conversion from MiL to RTMiL  

 

 2.1. Amesim model for the electric vehicle 

In Amesim software the electric vehicle dynamics is implemented as 
depicted in Fig.2.2, where labels were added to ease the identification of 
the pictograms. The vehicle submodel contains the aerodynamic and 
rolling parameters, vehicle mass, wheel, and brake characteristics. The 
driving cycle is the refence for the driver. This submodel computes the 
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acceleration, braking control and gear lever used in the vehicle control 
unit (VCU ELEC) to compute the requested torque from the traction 
motor needed to maintain the reference speed. This torque signal is 
connected to VeriStand’s interface to become reference to the torque 
controller in the real-time simulation and the one on the test bench. 
Either from the simulation or the test bench, the torque developed by the 
traction motor is transmitted via the interface block as torque signal 
connected to the rotary mechanical gear ratio. The reducer’s speed input 
is measured using a rotary speed sensor connected to the vehicle control 
unit and the VeriStand interface. This speed is imposed in the real-time 
simulation and used as reference speed for the load machine on the test 
bench. In the same model the road slope, altitude and environmental 
conditions can be easily set up and adjusted.  

To run this model on the real-time processor, some changes in the 
simulation settings must be accomplished. Fixed step integrator is 
mandatory while the simulation step must be set to ensure the system 
stability.  Before the real-time file is generated, in the file generation for 
real-time tab, the platform type is selected to VeriStand. 
 
 

 
Fig.2.2. Electric scooter dynamic model 

 
The main parameters of the electric scooter are listed up in table 2.1. 
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Table 2.1. Electric scooter model parameters 
Total vehicle mass 250 kg 
Rolling resistance coefficient 0.0206 - 
Viscous friction coefficient 3.63*e-6 1/(m/s) 
Air penetration coefficient 0.7 - 
Active area for aerodynamic drag 0.65 m^2 
Wheel rim diameter 14 (355.6) in (mm) 
Tire width 100 mm 
Max speed 65 km/h 
Vehicle range 50 km 
Battery power 1.6 kW 

  

2.2. Modelling of the vehicle drive train assemblies   
 
In Fig.2.3 the schematic of the drive train components modelled in 
Simulink are pointed out. The first section of this subchapter begins by 
presenting the different types of electrical equivalent circuit models 
(ECMs) used for the battery cells analysis. Two types of ECMs are treated 
in detail together with their parametrization procedure. Different 
balancing circuits are also detailed, differentiated by their functional and 
design architectures. A novel active cell balancing circuit is implemented, 
functionally proved by the depicted results. In the second part, the three-
phase inverter model with its losses, used to supply the traction motor is 
detailed. In the last part of the subchapter, the used permanent magnet 
synchronous machine model, its field-oriented control and PI regulators 
tunning steps are presented. 

 
Fig.2.3. Drive train assemblies modelled in Simulink 
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  2.2.1. Li-ion battery cell modelling and cell balancing 
 
The literature presents a large number of different approaches for 
battery modelling [1-7]. Different physical domains of modelling contain 
electrical, thermal, electrochemical, or interdisciplinary models, while 
there are different levels of modeling such as complete system, pack, 
module or cell. Different approaches of modelling, based on equivalent 
electrical circuit, empirical, mathematical, or electrochemical impedance 
spectroscopy models are presented in detail in the review references. 
Using these types of models, the behavior under various operating 
conditions can be studied, the battery management system (BMS) can be 
optimized, and the operating boundaries can be identified. One of the 
goals of this chapter is to synthesize different approaches of Li-ion cell 
modelling based on several equivalent electrical circuits. Cell balancing 
process within an entire battery is key element of the BMS.  Multiple cells 
connected in series become unbalanced, from their voltages’ point of 
view, after a few discharging/charging cycles and the battery capacity 
decreases.  To obtain maximum capacity, as well as for increasing the 
lifetime of the battery pack, the voltages across all cells must be 
frequently equalized. Different approaches are presented while one 
genuine voltage balancing circuit was implemented and tested. 

2.2.1.1 Equivalent Electrical Circuit Models for battery cells (ECMs) 

Equivalent electrical circuits are used to electrically describe the Li-ion 
cell’s behavior under different operating conditions. ECMs, also referred 
as Thevenin based electrical models, are composed of voltage sources, 
resistances and depending on the desired accuracy, different numbers of 
resistance-capacitor (RC) networks. By using these types of models, the 
accuracy that describes the electrical performance is high, yelling errors 
less than 5% [1].  The model’s accuracy and the cell voltage are 
dependent on the resistance-capacitor networks [6-8]. Larger number of 
RC network in the model will increase its fidelity with the price of longer 
computation time.  

For the parameterization of ECMs for Li-ion cells experimental 
measurements must be performed. DC current pulses are applied to the 
Li-ion cell and the voltage variation is measured and recorded; this 
approach is engaged in this chapter. Another method for parameters 
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determination is the electrochemical impedance spectroscopy (EIS), 
presented in detail in [2-5].  

Model accuracy can be improved by rigorous parametrizations of the 
ECMs if DC pulses are applied at different states of charge (SOCs), load 
currents and ambient temperatures because the cell parameters are 
dependent on the operating conditions [9, 10]. Using this technique to 
obtain the parameters for the ECMs, a full parametrization is not possible 
because at high SOC a high charging current pulse cannot be applied as 
the maximum cell voltage will be exceeded, the same phenomena will 
happen if a high discharge pulse is applied when the SOC is low. For an 
accurate parametrization, if needed, the EIS is used, but in this work the 
error obtained using DC pulses method was considered satisfactory for 
the targeted studies. 
 
The Rint Model 
 
The Rint ECM is depicted in fig 2.4. This is one of the simplest circuits, 
consisting of an ideal voltage source VOCV that defines the cell open-
circuit voltage (OCV) function of state of charge (SOC) and the cell 
resistance R0. The cell voltage is VC and IC is the load current. To increase 
the model’s accuracy, the OCV and cell resistance should take into 
consideration the temperature and the cell state of health (SoH). 

+
-

Vocv(SOC)

R0

Vc

Ic

100% 0%

SOC

VOCV

 
Fig.2.4. Rint electrical equivalent circuit model 

 
𝑉𝑐 = 𝑉𝑂𝐶𝑉(𝑆𝑂𝐶) − 𝐼𝑐𝑅0 (1) 
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The RC Model 
 
The RC model is depicted in Fig.2.5, being a topology used for high-power 
Li-ion batteries. R0 is the internal cell resistance or, so called terminal 
resistance.  The Rs-Cs components are used to model the electrode 
surface region while the Rb-Cb ones represents the inside volume of the 
electrode. The largest electric charge is stored in bulk electrodes so the 
Cb has a capacity much larger than Cs [11]. The state-space model of the 
circuit is given in equation (2), with the states u1 representing the voltage 
drop on the bulk capacitor (Cb) while u2 represents the voltage drop on 
the surface capacitor (Cs). 

+

-

Rs

Rb

Cb

Vc

Ic R0

Cs

+

-

Vs

Vb

 
Fig.2.5. RC electrical equivalent circuit model 

 
The first-order RC model (Thevenin) 
 
The Thevenin model, also called first-order RC model is a Rint model 
with an additional RC network. In the RC parallel network, R is the 
polarization resistance and C the polarization capacitance, which 
describes the transient response of the cell voltage during the charging 
or discharging process. The open circuit voltage function of SOC is 
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represented by an ideal voltage source in series with the internal cell 
resistance by R0. 

+
-

Vocv(SOC)

R0

R1

C1 Vc
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100% 0%

SOC
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Fig.2.6. First order RC model 

 
The state space model for the circuit is detailed below, where the state 
parameter u1 is de voltage drop on the RC network, u2 is the SOC, and Q 
is the cell capacity in Ah. 
 

 
The second-order RC model (Thevenin based) 
 
 
The second-order RC model is also known as double polarization (DP) 
model, as the two RC networks represent the behavior of the activation 
polarization (R1, C1) and the concentration polarization (R2, C2) [12, 13].  
The RC parallel networks represent the overvoltage behavior during the 
charging/discharging process and the transient voltage variation during 
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relaxation [14, 15]. In the present work, the model with two RC networks 
is considered to be of interest, however more networks can be added, 
reaching larger order models. By each newly added network, the 
accuracy of the model is increasing. 
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Fig.2.7. Second order RC model 

 
In the state space model, the state u1 is the voltage drop on the activation 
polarization network (V1) and u2 is the voltage drop on the concentration 
polarization network (V2) while u3 is the cell SOC. 
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2.2.1.2 Identification Procedure 

The electrical equivalent circuit models are parametrized based on test 
bench measurements carried out on the actual cell under study. The cell 
engaged is Li-ion NCR18650B manufactured by Panasonic with the 
specification presented in the table below. 

Table 2.2. NCR18650B Li-ion Cell Specification 

Rated capacity (20⁰C) 3200 mAh 

Nominal Capacity (25⁰C) 
Min. 3250 mAh 
Typ. 3350 mAh 

Nominal Voltage 3.6 V 
Charging Method CC-CV  
Charging Voltage 4.2 V 
Charging Current 1625 mA 
Min. discharge 2.5 V 
Full charge current cut 65 mA 

The test bench configuration for the battery cell measurements is 
depicted in Fig.2.8. 
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Fig.2.8. Test bench configuration for cell parameters commissioning 
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For charging the Li-ion cell by applying constant current then constant 
voltage (CC-CV) method, a programmable DC Electronic Power Supply 
(EA.PS 8400-70) is used, while for discharging the same cell, a 
Programmable DC Electronic Load (EA.EL. 9400-150) was engaged. The 
DC load was controlled using the integrated Analog Interface by the NI 
PXIe-1071 chassis with the module PXIe-8135 Embedded Controller and 
FPGA module PXI-7841R. To control the discharge current drained by 
the electronic load, the embedded controller and the FPGA module was 
programed using LabVIEW installed on the host computer. It has to be 
mentioned that all the measurements were carried out at the room 
temperature. The real-time data acquisition was implemented using the 
same modules by connecting the current and voltage sensors to the FPGA 
analog input channels. All the measured data is recorded into a TDMS file 
(Technical Data Management Streaming) format. The measurements 
procedure is presented in Fig.2.9. 

 

Fig.2.9. The step-by-step measurements procedure 

a. In the preconditioning phase, the cell under test is charged first with a 
constant current (CC), 1625 mA, until the voltage drop between cell and 
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power supply voltage is high enough to ensure the functionality of the CC 
method; when this condition is not respected any more, the charging 
procedure moves to constant voltage (CV) setting 4.2 V as maximum cell 
voltage. The charging is completed when the cell drains from the supply 
a current smaller than 65mA. After the charging is finished, a relaxation 
time of at least two hours is mandatory for the cell to reach the steady 
state voltage.  

b. The cell capacity is one of the most important parameters needed in 
the ECM, describing cell’s energy content mandatory for calculation of 
the cell state of charge using the Coulomb Counting method [16, 17] also 
known as current integration method. This method computes the cell 
state of charge by integrating the current function of time. A drawback of 
this method is the long-term drift (error) requiring periodical 
recalibration of the state of charge using different methods.  For the 
identification process, different C discharge rates are applied to fully 
drain the cell to be able to correctly calculate the capacity.  These results 
are depicted in Fig.2.10. For a cell with a capacity of 3.2Ah, 1C discharge 
rate means 3.2A discharge current. For the electrical equivalent circuit 
model, the cell capacity is obtained by calculating the mean value of all 
the obtained capacity values during measurements. 

 

Fig.2.10. Cell Capacity 
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c. In the current pulse or OCV test, the cell is discharge by repeatedly 
applying constant current pulses, recording the resulted cell voltage as 
depicted in Fig.2.11. This test is performed from 100% to 0% SOC, in 
order to fully parametrize the ECM. The applied current pulses are 
presented in Fig.2.12. 

The discharging current pulses are 3.2A, 1C, applied for 3 minutes 
followed by a rest period of 14 minutes between pulses. During the 3 
minutes the cell is discharged by 5%, repeating the process till the lowest 
voltage threshold of 2.5V is reached. The cell open circuit voltage is 
highlighted on the voltage characteristic, Fig.2.11 with blue dots. The 
OCV is the established cell voltage after the relaxation time, just before 
the new discharge current pulse is applied. The recorded OCV is the 
information describing the internal voltage source of the ECM being 
depending on the cell SOC. The accuracy of the OCV is influenced by the 
longevity of the relaxation time; larger period will return more accurate 
open circuit voltage values. Using 15-minute relaxation time, the OCV’s 
error can reach values as low as 0.37% [20].   

 

Fig.2.11. Cell voltage for current pulse test 
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Fig.2.12. The discharging current pulses  

 

2.2.1.3 Electrical Equivalent Circuit Model Parameters Extraction 

The ECM parameters are obtained based on the applied current pulses. 

For each discharge pulse a set of parameters can be obtained and can be 

saved in a table depending on the SOC. Another approach is to compute 

only one set of parameters for the whole cell’s SOC range. In the present 

study, the latter method is engaged, being proved in several papers that 

the reached accuracy is more than satisfactory [18, 19]. Hence, the 

parameters are fetched at SOC 60%, proved to be the value at which one 

set of ECM parameters is able to describe the correct cell behavior 
covering the entire range of SOC. 

First-order RC model parameter extraction 

The variation of the cell voltage during one discharge current pulse is 

depicted in Fig.2.13. Using this voltage variation, the ECM parameters 

can be extracted.  

The internal cell resistance Rs is calculated from the instantaneous 

voltage drop exactly when the current pulse is applied, or it can be 
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calculated exactly at the end of the current pulse period (when the 

relaxation period just starts). The parallel resistance is calculated from 

the voltage variation from the beginning and the end of each current 

pulse. τ is the pulse period, in seconds, also called polarization time 

constant. 

 

The voltage variation (Fig. 2.13) in-between the marked points 1 to 3 can 

be expressed by an exponential function equation (6). In this equation 

the first parameter describes the instantaneous voltage drop when the 

discharging pulse is applied (from 1 to 2) while the rest of the equation 

describes the voltage variation from 2 to 3 expressed by an exponential 
equation. 

tau
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Fig.2.13. First-order ECM parameters identification using the cell 

voltage variation during one discharge current pulse 
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𝑉𝑏𝑎𝑡 = 𝑘0 − 𝑘1𝑒
−𝑎∙𝑡 

 
(6) 

𝑘0 = 𝑉1 − 𝑅0𝐼𝑐          𝑘1 =
𝑅1

𝐼𝑠
          𝑎 =

1

𝑅1𝐶1
 (7) 

 

Using MATLAB environment, a curve fitting procedure using a bounded-

parameters non-linear least-square algorithm, was applied, where the 

voltage variation in between points 1 to 3 was fitted by equation (6). In 
doing so, three unknown parameters, k0, k1, and a are computed. 

Second-order RC model parameter extraction 

The parameters for the second-order ECM are obtained using the same 

procedure applied for the first-order ECM presented above. In equation 

(8) the exponential equation which describes the cell voltage variation 

during the discharge pulse, from points 1 to 3 (the same equation can be 

used to describe the voltage variation during the rest period, from points 

3 to 5) is represented. The smallest error of the results obtained from the 

second-order ECM compared to experimentally measured results is 
obtained when the fitting process is applied during the relaxation period. 

𝑉𝑏𝑎𝑡 = 𝑘0 − 𝑘1𝑒
−𝑎∙𝑡 − 𝑘2𝑒
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Fig.2.14. Second-order ECM parameters identification based on the 
voltage variation for one current pulse discharge   

2.2.1.4 Model validation 

The state-space equations for the ECM for the first and second-order 
models are implemented in MATLAB/Simulink, equation (3) and (4). In 
Fig.2.15 the schematic of the ECM implementation in simulation model is 
presented. The inputs for these models are the electric parameters 
required by the equivalent circuit and the open circuit voltage, recorded 
in a look-up table depending on the cell state of charge. The outputs of 
the ECM are the cell voltage and its SOC. 

R0
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R2

C1

C2

Vocv

Vcell

SOC

The second-order cell model

R0

R1

C1

Vocv

Vcell

SOC

The first-order cell model

 

Fig.2.15. Schematic diagram of the ECM implementation in 
MATLAB/Simulink 

To validate the analytical model, the voltage variations caused by the 
applied discharge pulses are compared for both simulation models (first 
and second order ECMs) versus experimental measurements (see 
Fig.2.16). 

The best fidelity is obtained for the second-order equivalent circuit 
model. 
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The constant current pulse discharging procedure is performed from 
100% to 0% SOC in order to extract the open circuit voltage depending 
on the cell SOC, however, the cell is operated usually from 90% to 10%  
to protect it from over-charging and over-discharging. To highlight the 
discharge percent relative to the capacity, the term depth-of-discharge 
(DoD) is used. The EV cell has a typical DoD of 70-80%, due to cycling it 
from 90% to 10%, in doing so, increasing its service life. If this DoD is 
used to cycle the cell, the first two and the last two discharging pulses are 
not taken into consideration, thus the absolute error is less than 0.05V 
for both models. 

For a better comparison of the two ECMs, the root mean square error 
(RMSE) is calculated, using equation (10), where T is the time period. 

𝑅𝑀𝑆𝐸 = √
1

𝑇
∫ [𝑉𝑚𝑒𝑎𝑠(𝑡) − 𝑉𝑠𝑖𝑚(𝑡)]2𝑑𝑡

𝑇

0

 (10) 

Fig.2.16. Cell voltage variation during discharge pulses for simulation 
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(first and second order ECMs) versus measured data

 

Fig.2.17. The absolute error for the first and second order ECM 

The results of the RMSE for the first-order ECM is 34.3 mV for the full 
cycle and 14.6 mV for 80% DoD. The error for the second-order ECM is 
approximatively 25%, less compared with the error from the firs-order 
ECM, with 27.65 mV full range and 11.07 mV from 90-10% SOC. 

2.2.1.5 Battery Management System 

The battery management system (BMS) is a fundamental component of 
the energy storage system where rechargeable battery cells are used 
[23]. The main role of this system is to protect the cell for overcharging 
and under discharging, prolong its life, protect its users and estimate 
different cell states such as the state of charge (SOC), state of health 
(SOH) and power capability.  The BMS requires voltage monitoring of 
each cell and current measurement to be able to estimate the SOC and 
the SOH. Temperature sensors are used to avoid thermal runaway or 
lithium plating [24]. 

 In this chapter different passive and active cell voltage balancing 
procedures and their corresponding circuits are presented. The central 
interest in this section of the thesis is a novel circuit proposed by the 
author for active cell balancing. This circuit’s operational concept is 
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tested and proved using five unbalanced Li Ion cells. The obtained results 
are presented to highlight the circuit’s performances. The balancing 
procedure’s flowchart was implemented in LabVIEW and loaded on the 
NI PXIe-8135 Embedded Controller. For the voltage measurements 
analog inputs are used, while the circuit’s relays (see Fig.2.21) are 
controlled with digital output ports. The voltage source is controlled via 
analog output ports of the NI PXI-7841R R Series FPGA. The acquired 
measurements data from the FPGA are transmitted through a FIFO (first-
in-first-out) to the real-time processor where the measurements are 
logged in a Technical Data Management Streaming (TDMS) file format. 

Passive cell balancing 

In passive cell balancing method, the excess energy from the cells with 
the highest voltage is dissipated as heat resulting in a low efficiency 
balancing method. This method is best suited for low current 
charging/discharging rates.  

The simplest cell balancing circuit is depicted in Fig.2.18. In this topology 
for each cell, there is a dissipative resistor in parallel. The circuit can 
operate in two modes: continuous and detecting. In the first mode all 
switching elements are controlled by the same signal. When charging, all 
will be turned on and the cell with the highest voltage will have less 
charging current than the cell with lower voltage. The advantage of this 
method is the simplicity of the implementation and control. In detecting 
mode, each cell voltage is monitored, and the balancing controller 
decides if the dissipative resistor should be activated or not [21]. 

R1 R2 RnS1 S2 Sn

Cell1 Celln

Switch control

Cell2
 

Fig.2.18. Passive balancing using dissipative resistor 
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Active cell balancing 

In active cell balancing technique, the accumulated power is 
redistributed between cells during the charge or discharge process, 
resulting a more complex balancing technique. Each cell voltage in the 
battery pack is monitored in order to perform the balancing procedure. 
The simplest mode to redistribute the energy is to use capacitors, the 
circuit being depicted in Fig.2.19 In the literature there is a variety of 
circuits topologies that can be used for active cell balancing, such as 
buck-boost converter, flyback converter-based cell balancing circuit, 
switched transformer or multi-winding transformer [21]. 

Switched Capacitor based balancing circuit 

The switched capacitor based balancing circuit is shown in Fig.2.19. 
Using the external storage device, in this circuit the capacitors are 
engaged to transport the energy from the cell with the highest voltage to 
the one with the lowest voltage [21]. For example, if cell 1 has higher 
voltage than cell 2, the C1 capacitor is charged by placing it in parallel 
with cell 1 connecting S1 and S2 switches accordingly. After the capacitor 
is charged the switches are controlled to connect the capacitor in parallel 
with cell no.2 to shuttle the energy from the first to the second cell. 

C1

C2

C3

C4

S1 S2

S3 S4

S5 S6

S7

Cell1 Cell2 Cell3 Cell4

 
Fig.2.19. The switched capacitor balancing circuit 
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The shunt inductor circuit topology 

The shunt inductor balancing circuit is operating based on two steps. 
During the first step, the cell with the highest voltage is detected and is 
connected in parallel with the inductor by controlling the corresponding 
switches. In doing so, the energy is transferred from the cell to the 
inductor. During the second step, the previously activated switches are 
opened and the main SWa and SWb are closed, driving the energy stored 
in the inductor to the entire pack. This type of balancing is also called 
cell-to-pack balancing circuit due to the energy transfer philosophy from 
the cell with the highest voltage to the entire pack [22]. 

Fig.2.20. Shunt inductor balancing circuit 

The switched cells during charging circuit topology 

A new approach of cell balancing based on switching cells during 
charging is implemented and tested. For charging and balancing the cells 
a controlled voltage source is used where the output current is imposed 
by the charging/balancing controller. In Fig.2.21 the switched cell during 
charging active balancing circuit architecture is depicted. To charge each 
cell at a time the polarity of the DC bus must be changed depending on 
which cell needs to be connected to the voltage source. This decision is 
handled by controller. The DC bus is represented with two thick black 
lines. An H-bridge configuration is used to change the polarity, using two 
relays with normal open (NO) and normal closed (NC) contacts. On 
default mode, when the relays coils are not energized the top DC buss is 
the positive polarity and only the odd cells can be charged.  To charge the 
even cells, the H-bridge relays are activated, thus the DC bus polarity is 

Cell1 Cell2 Cell3 Cell4

S11 S12 S13 S14S21 S22 S23 S24

Sa SbL
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reversed. Now the controlled voltage source can be connected to charge 
the cells. 

The flow-chart of the balancing procedure using the switched cells 
during charging circuit is depicted in Fig.2.22. For the implementation of 
the balancing logic, each cell’s voltage is measured. The balancing 
strategy starts by charging the complete battery pack with a current of 
2.5 A until one of the cells reaches the maximum threshold voltage. The 
latter is set to 4.2V. After this step, the current is decreased and applied 
again to the pack.  The applied current values are decreased in the 
following sequence: 2, 1.5, 1, 0.75 A. If one cell reaches the maximum cell 
voltage when the applied charging current to the entire pack is 0.75 A, 
that cell is considered fully charged and only the rest of the cells are now 
charged with the same current (0.75A) till those reach 4.2V. If any of cells 
1,2 4 or 5 reaches the maximum threshold voltage, then the remaining 
ones can be grouped in formations of 3-cells to be charged at 0.75A 
current. The process is stopped when any of them reaches the 
established threshold voltage. The last step consists in connecting the 
remaining cells one by one to the controlled voltage source to be charged 
with the constant current until all reach the maximum voltage threshold. 
These first steps of charging/balancing the battery cells are called raw 
charging process. Immediately after this process, a relaxing period of 10 
minutes is applied before passing towards the fine charging process. 
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Fig.2.21. The switched cells during charging balancing circuit 
architecture 

During the fine charging/balancing procedure, the same logic is applied 
as presented above using lower current values such as:  0.7, 0.5, 0.35, 0.3 
and 0.2A. Then the last cell reaches the maximum voltage during 
charging at 0.2A (the lowest current). It is considered that all the cells are 
charged, and their voltage is equalized, hence both the charging and the 
balancing processes are finished. 
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Fig.2.22. The schematic diagram of the rule-based balancing procedure 

Experimental validation of the switched cells during charging active 
balancing circuit 

Each cell’s voltage was measured using operational amplifiers connected 
to the analog input ports of the NI PXI-7841R R Series FPGA. The cell 
voltage was calculated as mean value during ten-time samples, to reduce 
the measurement noise. The charging current is measured with a current 
transducer LA 55-P from LEM. This sensor is used because it 
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incorporates galvanic separation between its primary and secondary 
circuit. Its output is connected to an analog input port of the FPGA 
previously mentioned. In LabVIEW a project was created using direct 
memory access (DMA) and first-in-first-out (FIFO) data structures, the 
latter being used to transfer data between a FPGA processor and the real-
time processor or the host computer. After the DMA FIFO was created, in 
LabVIEW FPGA a virtual instrument (VI) block diagram was used to write 
the measurement data into the buffer. The manipulated data type must 
be fixed-point to be compatible with the requirements of the FPGA. On 
the real-time processor a LabVIEW VI block diagram was uploaded to 
read the data from the Host Buffer. In the same VI, the human interface 
was created plotting the measurement data on a graph. For further 
analysis of the results, a TDMS type file was created in which the acquired 
data was saved. 

 

Fig.2.23. LabVIEW implementation of the balancing strategy 

In Fig.2.22 the balancing strategy is presented as a diagram being divided 
in different cases. This strategy was implemented in the real-time 
LabVIEW VI using Case Structure programing sequence.  The input of this 
structure is the case selector, which selects the case to be executed. This 
selection is performed based on the measured cell voltages. In each of the 
different cases the relays of the balancing circuit are triggered using 
digital output ports of the FPGA. The boolean signals are transmitted 
from the real-time VI to the FPGA VI using a read/write control function. 
This function can access a control or indicator instrument from the VI 
running on the FPGA target.  The analog data from the balancing strategy 
is transmitted in the same manner but converted in fixed-point data type. 
The analog data is used to set the controlled voltage source used to 
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charge and balance the cells. The used hardware source is ELEKTRO-
AUTOMATIK EA-PS 8400-70, controlled through the analog interface 
while the output power, current and voltage are adjusted by the analog 
signals imposed by the FPGA via its analog output ports. 

 

Fig.2.24. The 5 cells voltage variations during the balancing process 

 

Fig.2.25. The battery pack voltage and the applied charging current 
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Each of the 5 cells voltages variation is presented in Fig.2.24. When 
starting the balancing process, the difference between the cell with the 
highest and lowest voltage is 0.154V. The rule-based balancing strategy 
is applied and by its end the difference is mitigated to 0.0145V. At this 
point the cells are considered balanced. In Fig.2.25 the battery pack 
voltage and the charging current are presented.    

  2.2.2. Three-phase voltage source inverter model 
 

In AC drives the voltage source inverters (VSI) are used to supply the 

machine with variable voltage and variable frequency obtained from the 

DC supply. Different modulation techniques can be applied to the 

inverter. The most popular ones are the sinusoidal pulse width 

modulation (SPWM) and space-vector modulation (SVM) [25]. In this 

thesis SPWM was implemented. The three-phase voltage source inverter 

is presented in Fig.2.26. Power MOSFET’s are used as switching 
elements. 

 

Fig.2.26. Three phase invert topology 

The output frequency of the voltage is given by the reference signal 

frequency. The modulation index is the ratio calculated between the 

reference signal, also called modulated wave, and the carrier signal. If the 

modulation index exceeds 1, over modulation occurs and a special 

control strategy must be implemented. In this implementation, the 

overmodulation zone is not reached. In Fig.2.27 the SPWM waveform 
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generation is presented. The top signal is the carrier, while the bottom 

one is the reference or modulated wave. These two signals are 

continuously compared. When the carrier is lower than the reference 

signal the PWM output is ON, otherwise is OFF. If this reference signal is 

the voltage for phase A, the switch S1 is ON and complementary, S2 is 

OFF while the carrier is lower than the sinusoidal wave, otherwise S1 is 

OFF and S2 is ON. 

 

Fig.2.27. Sinusoidal PWM 

The phase-to-neutral voltage equations are presented below. These 

equations are implemented in MATLAB/Simulink to model a three-phase 

inverter [26]. The maximum output phase-to-neutral voltage is VDC/2 
for the SPWM. 

𝑣𝑎(𝑡) =  
𝑉𝐷𝐶

3
(2𝑆𝐴 − 𝑆𝐵 − 𝑆𝐶)  

𝑣𝑏(𝑡) =  
𝑉𝐷𝐶

3
(2𝑆𝐵 − 𝑆𝐴 − 𝑆𝐶) 

 

(11) 

𝑣𝑐(𝑡) =  
𝑉𝐷𝐶

3
(2𝑆𝐶 − 𝑆𝐴 − 𝑆𝐵) 
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Three-phase inverter losses 

The main power losses in any three-phase inverter are due to the 

MOSFETs and reverse diodes. The power loss in a MOSFET is divided into 

two categories: switching and conduction losses. For the reverse diode 

the total losses consist of conduction, switching and reverse leakage 

losses. The conduction losses are dependent on the duty cycle and the 

switching frequency [27].  MOSFET power losses are described in 

equation (12). The MOSFET parameters engaged in the calculations are 

labeled and valued in Table 2.3. These are obtained from the datasheet 

of the IRFP4668PbF used to build the actual inverter for the test bench.  

The current through the MOSFET is denoted by iM being the rms value 
for one phase. 

𝑃𝑙𝑜𝑠𝑠_𝑀 = 𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛_𝑀 + 𝑃𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔_𝑀  

𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛_𝑀 = 𝑖𝑀
2𝑅𝑑𝑠𝐷 

 

(12) 

𝑃𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔_𝑀 =
𝑉𝑖𝑀
2

(𝑇𝑜𝑛 + 𝑇𝑜𝑓𝑓)𝐹𝑠𝑤 + 𝐶𝑜𝑠𝑠𝑉
2𝐹𝑠𝑤 

 

 

 

Table 2.3. The IRFP4668PbF parameters from the datasheet 

Drain to source resistance Rds 0.008 Ω 

Forward voltage V 20 V 

Turn on time Ton 41e-9 s 

Turn off time Toff 64e-9 s 

Switching Frequency Fsw 10 kHz 

Output Capacitance Coss 810e-12 F 

Duty cycle (mean) D 0.5 - 

 

For the reverse diode, the losses are computed using equation (13) and 
its parameters are listed in Table 2.4. 

𝑃𝑙𝑜𝑠𝑠_𝐷 = 𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛_𝐷 + 𝑃𝑟𝑒𝑣𝑒𝑟𝑠𝑒_𝐷 + 𝑃𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔_𝐷  
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𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛_𝐷 = 𝑖𝑓𝑉𝑓𝐷 
 (13) 

𝑃𝑟𝑒𝑣𝑒𝑟𝑠𝑒_𝐷 = 𝑖𝑟𝑉𝑟(1 − 𝐷) 
 

𝑃𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔_𝐷 =
𝑇𝑟𝑟𝑖𝑟𝑟𝑚𝑉𝑟𝐹𝑠𝑤

2
  

 

Table 2.4. IRFP4668PbF diode parameters 

Forward voltage drop Vf 1.3 V 
Reverse voltage Vr 20 V 
Reverse Leakage current ir 0.00025 A 
Reverse Recovery Time Trr 135e-9 s 
Max Recovery Current irrm 8.7 A 
Output Capacitance Coss 810e-12 F 
Duty cycle (mean) D 0.5 - 

 

 2.2.3. Permanent magnet (non-salient pole) 

synchronous machine analysis and control 

 

The electrical machine considered as the solution for the light EV under 

study in this thesis is a PMSM. For propulsion applications, both interior 

and surface-mounted permanent-magnet configurations can be adopted. 

Compared to other types of machines, permanent-magnet (PM) 

machines have larger torque density and higher efficiency [28, 29]. AC 

machines are usually controlled via two methods:  scalar and vector 

control. The first one describes a good steady-state response but low 

dynamic response. On the contrary, vector control method in closed loop 
is used to achieve good dynamics [26]. 

2.2.3.1 Machine Equations in rotor reference frame 

In rotor reference frame the d-axis of the stator field is aligned with the 

rotor permanent magnet flux while the q-axis is displaced 90⁰ ahead in 

the direction of rotation. This frame rotates with the speed of the rotor, 

measured in electrical radians. The flux linkages and stator d-q voltage 

equations are presented below: 
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𝜆𝑠𝑑 = 𝐿𝑠𝑑𝑖𝑠𝑑 + 𝜆𝑓𝑑 

 

(14) 

𝜆𝑠𝑞 = 𝐿𝑠𝑞𝑖𝑠𝑞 

 

(15) 

𝑣𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑 +
𝑑

𝑑𝑡
𝜆𝑠𝑑 − 𝜔𝑟𝜆𝑠𝑞 

 
(16) 

𝑣𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 +
𝑑

𝑑𝑡
𝜆𝑠𝑞 + 𝜔𝑟𝜆𝑠𝑑 (17) 

 

In equations (14-15), d and q axes flux linkages are λsd, λsq while λfd is the 

permanent magnet flux. The winding inductances are Lsd, Lsq, Rs being the 

phase resistance. The rotor speed is ωr, measured in electrical rad/s [30]. 

In equation (18), the electromagnetic torque for a salient pole machine 
is represented: 

𝑇𝑒𝑚 =
3

2
𝑝(𝜆𝑠𝑑𝑖𝑠𝑞 − 𝜆𝑠𝑞𝑖𝑠𝑑) (18) 

𝑑

𝑑𝑡
𝜔𝑚𝑒𝑐ℎ =

𝑇𝑒𝑚 − 𝑇𝑙𝑜𝑎𝑑

𝐽
 (19) 

The rotor acceleration is calculated by subtracting the load torque from 

the electromagnetic torque and dividing this difference with the rotor 

inertia, J. The mechanical speed of the rotor, ωmech, is represented in 

rad/s. To convert to electrical speed, the mechanical speed is multiplied 
by the motor pole pairs, p. 

2.2.3.2 Implementation schematic in MATLAB/Simulink 

In MATLAB/Simulink equations (14-19) are implemented to model the 

PMSM and in Fig.2.28 the implementation diagram block is depicted. The 

parameters of the machine required for its modeling are listed in Table 

2.5. 
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Table 2.5. PMSM Parameters 

DC bus voltage 120 V 
RMS current 21 A 
Nominal speed 2000 rpm 

Nominal torque 12 Nm 
Phase resistance (Rs) 0.2 Ω 
D axis inductance (Ld) 0.002817 H 
Q axis inductance (Lq) 0.002817 H 
Permanent magnet flux (λfd) 0.1025 Wb 
Pole pairs (p) 3 - 

 

 

Fig 2.28. Diagram block of PMSM simulation model 

2.2.3.3 Field oriented control of PMSM 

Vector control, also known as field-oriented control (FOC) is a variable 

frequency control where the mathematically described three-phase 

PMSMs are represented in a similar approach to separately excited DC 

machines where the torque production and machine flux are decoupled. 

Using this approach high performance AC drives can be developed. The 

basic scheme for FOC is presented in Fig.2.29. 
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Fig.2.29. Generic FOC control scheme 

In the final simulation platform both speed and torque controls are 

implemented as the test bench is built using two coupled PMSMs, one 

controlled in speed control and the other one, in torque control. The 

latter represents the motor used for vehicle propulsion. For the torque 

control the same scheme is implemented, as detailed in Fig.2.29, 

eliminating however the speed control loop (represented in orange 

frame) and the reference current on q-axis is calculated from the 

reference torque. In the speed control, from the reference, the actual 

rotor velocity is subtracted, and the error is input in the PI speed 

regulator. The output of the regulator is the reference q-axis current 

saturated by the maximum limit of the machine, the implementation 

being highlighted in the orange frame. The reference current on d-axis is 

set to zero as no field-weakening is applied. From these currents the 

measured d and q currents are subtracted, and the errors are the input 

signals for the two PI current regulators. These output the reference 

voltages, saturated at the DC link value. The reference voltages are 

transformed in three-phase voltages and the pulse width modulation is 

applied to obtain the control signals for the three-phase voltage source 
inverter. 
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2.2.3.4 Current and speed PI controller’s design   

The speed, the d and q-axis current control loops are presented in 
Fig.2.30. 

 

Fig.2.30. FOC control loops 

In the above schematic to the output of the current regulators, the 

decoupling terms derived from the d-q voltage equations are added. 

q-axis current controller 

The current control loop for the q-axis is presented in Fig.2.31.  

  

Fig.2.31. Current loop structure for the q-axis 

In Fig.2.31 the control block is the delay introduced by the loop 

calculation frequency represented such as a first order transfer function. 

The loop frequency is 10 kHz resulting the control time constant, Ts of 

0.1 [ms]. The next block introduces the delay due to the PWM inverter. 

The switching frequency is 10 kHz, the time constant, 0.5T is the inverse 

of the frequency, 0.1 [ms]. The sampling block represents the delay 

introduced by the digital to analog conversion, the time constant is half 
of the control time constant.  
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The PI transfer function is [31]: 

𝑃𝐼 =  𝑘𝑝(1 +
1

𝑇𝑖𝑠
) = 𝑘𝑝

1 + 𝑇𝑖𝑠

𝑇𝑖𝑠
 (20) 

 

In equation (20), kp, is the proportional gain and Ti, is the integral time 

constant.  

For the plant model, the transfer function is given in equation (21). 

𝑖𝑠𝑞

𝑣𝑠𝑞
=

1

𝑅𝑠 + 𝑠𝐿𝑠𝑞
=

1

𝑅𝑠

1

1 + 𝑠
𝐿𝑠𝑞

𝑅𝑠

=
𝐾

1 + 𝑠𝜏𝑞
  

𝐾 =  
1

𝑅𝑠
 

 

(21) 

𝜏𝑞 =
𝐿𝑞

𝑅𝑠
 

 

 

The open loop transfer function of the q-axis control loop is: 

𝐺𝑖𝑞(𝑠) =  𝑘𝑝𝑖𝑞

1 + 𝑇𝑖𝑠

𝑇𝑖𝑠

𝐾

𝜏𝑞𝑠 + 1

1

𝑇𝑠𝑠 + 1

1

0.5𝑇𝑠𝑠 + 1

1

0.5𝑇𝑝𝑤𝑚𝑠 + 1
 (22) 

 
An equivalent time constant for the loop can be calculated to simplify the 
transfer function: 

𝑇𝑠𝑖 = 1.5𝑇𝑠 + 𝑇𝑝𝑤𝑚 = 0.2 [𝑚𝑠] (23) 

𝐺𝑖𝑞(𝑠) = 𝑘𝑝𝑖𝑞

1

𝑇𝑖𝑞𝑠
𝐾

1

𝑇𝑠𝑖𝑠 + 1
 (24) 

 
The slowest pole of the transfer function is the machine pole, Tiq=τq=8 
[ms] thus the zero of the controller is used to cancel this pole. The PI 
proportional gain is determined using the optimal modulus (OM) 
criterion [32]. Equation (25) is the standard form of a second order 
system. 

𝐺𝑂𝑀 =
1

2𝜏𝑠(𝜏𝑠 + 1)
 (25) 

𝑘𝑝𝑖𝑞𝐾

𝑇𝑖𝑞
=

1

2𝑇𝑠𝑖
→ 𝑘𝑝𝑖𝑞 =

𝑇𝑖𝑞𝑅𝑠

2𝑇𝑠𝑖
= 0.107  (26) 
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Equation (26) is obtained by making the analogy between the equations 
(24) and (25). In Fig.2.32 the Bode plot of the q-axis current controller is 
depicted. The minimum stability margins are represented on the plot and 
their magnitude and phase margins indicate the closed loop system’s 
stability. 

 
Fig.2.32. Bode plot of the current controller for q-axis 

 
Fig.2.33. Step response of the current controller for q-axis 
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The step response of the q-axis current closed loop controller is 
presented in Fig.2.33. It can be observed that a very small overshoot 
occurs, and the settling time is approximatively 2.5 [ms]. For the d-axis 
current controller the same approach was used to calculate the PI gains. 

PI speed controller 

The speed loop is detailed in Fig.2.34. The delay introduced by the q-axis 
current controller is represented as a first order transfer function. The 
time constant of the transfer function is expressed in equation (27). The 
plant model is approximated to be the electromagnetic torque equation 
for a non-salient pole machine. In the last block the mechanical equation 
of the machine is represented. On the feedback loop, the delay of the filter 
applied to the measured speed is introduced. For a filter with 100 Hz cut-
of frequency, the time constant is 1.6 [ms]. 
 
 

 
Fig.2.34. Speed control loop structure 

 
The open loop transfer function and the equivalent time constant of the 
loop are presented in equation (28) and (29). 
 

𝜏𝑖𝑞 =
𝑇𝑖𝑞

𝑘𝑝𝑖𝑞𝐾
 (27) 

𝐺𝜔(𝑠) =

=
1

0.5𝑇𝑠 + 1

1

𝑇𝜔𝑐𝑠 + 1
𝑘𝑝𝜔

𝑇𝜔𝑠 + 1

𝑇𝜔𝑠

1

𝑇𝑠 + 1

1

𝜏𝑖𝑞𝑠 + 1

3

2
𝑝𝜆𝑓𝑑

𝑝

𝐽𝑠
 

(28) 

𝑇𝑠𝜔 = 1.5𝑇𝑠 + 𝜏𝑖𝑞 + 𝑇𝜔𝑐 (29) 

If 𝐾𝑇 =
3

2
𝑝𝜆𝑓𝑑  → 𝐺𝜔(𝑠) =

𝑝 𝑘𝑝𝜔 𝐾𝑇(𝑇𝜔𝑠+1)

𝐽𝑇𝜔𝑠2(𝑇𝜔𝑠+1)
 (30) 
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The speed regulator is tuned according to Optimum Symmetric Method 
(OSM) [33]. This method is used when a disturbance can be applied to 
the system, in this case represented by the load torque. The expression 
of the OSM in case of open loop transfer function is presented below. 
 

𝐺𝑂𝑆𝑀(𝑠) =  
𝐾1𝐾𝑝𝑇𝐼𝑠 + 𝐾1𝐾𝑝

𝑠2(𝑇1𝑇𝐼𝑠 + 𝑇𝐼)
 (31) 

 
The open loop transfer function of the speed controller is modified to be 
similar to the standard OSM form. 
 

𝐺𝜔(𝑠) =  

𝑝𝐾𝑇

𝐽
𝑘𝑝𝜔𝑇𝜔𝑠 +

𝑝𝐾𝑇

𝐽
𝑘𝑝𝜔

𝑠2(𝑇𝑠𝜔𝑇𝜔𝑠 + 𝑇𝜔)
 (32) 

 
From equations (31) and (32), by making the analogy, the proportional 
gain and the integral time constant are calculated. 
 

𝑘𝑝𝜔 = 
1

2𝐾1𝑇1
=

1

2𝑝
𝐾𝑇

𝐽
𝑇𝑠𝜔

= 0.165 (33) 

𝑇𝜔 = 4𝑇1 = 4𝑇𝑠𝜔 = 9 [𝑚𝑠] (34) 

The Bode plot of the system is presented in Fig.2.35. The closed loop 
system is stable.  Fig.2.36 depicts the step response of the speed 
controller. There is a large overshoot that will cause a high current in the 
q-axis. To reduce this overshoot, the current is limited to the maximum 
value accomplished by the antiwindup implemented for the PI 
controllers. 
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Fig.2.35. Bode plot of the speed controller 

 
Fig.2.36. Step response of the speed controller 

 
2.2.3.5 Speed controller validation 

After the PI tunning process, the step response was applied in simulation 

and for the testbench to compare the results. In Fig.2.37 is depicted the 

speed variation. A very small disagreement can be noticed because for 

the test bench the tested motor was coupled with another motor used as 
load for other tests.  
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Fig.2.37. Speed step response (no load) 

 

Fig.2.38. q-axis current for speed step response (no load) 

The same difference is in the q-axis current, Fig.2.38, but for both 
characteristics the steady state was reached at the same time.  
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Fig.2.39. Speed response comparison 

 

Fig.2.40. q-axis current variation 

In the last test for the PI-controller, a constant load was applied to the 

machine and the reference speed was varied in steps, Fig.2.39. The 

current for the q-axis is depicted in Fig.2.40 and in Fig.41 is the d-axis 

current. From these results can be conclude that the results from the 

simulation and from the test bench are approximatively the same. 
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Fig.2.41. d-axis current variation 

 

 2.3. Conclusions 

 

This chapter reviewed different electrical equivalent circuit models used 
to model Li-ion cells, several balancing circuit topologies and presents in 
detail the developed models of the platform components.  

For the Li-ion cell, two ECM’s are implemented and experimentaly 
validated. An innovative active cell balancing circuit was developed and 
practically tested for five cells. The depicted results for the balancing 
procedure prove the good functionality of the circuit and the balancing 
logic.  

The three-phase inverter is implemented in simulation using the phase-
to-neutral voltage equations. For this inverter the main losses, in 
MOSFET and reverse diode, are calculated.  

Next, the PMSM is modelled using the machine equations in rotor 
reference frame (d-q). Speed and torque control methodes are 
developed, and their PI regulators’ tunning process is presented. The 
chapter finishes with the validation of the speed control model.  
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3. Hardware in the Loop (HiL) testing facility  

The complete testing facility is composed of two identical, off the shelf, 

PMSMs, one being the traction machine while the other is the load 

emulator. The two machines are supplied using two three-phase 

inverters, designed, builded and tested in this chapter. The traction 

machine’s inverter is supplied by a Li-ion battery pack detailed in the last 

section while the load emulator’s inverter is supplied from a 

bidirectional programable DC power supply. The circuits used for the 

battery balancing and identification procedures are included in the same 
chapter as part of the testing facility.  

The first section of this chapter deals with sizing, designing, and testing 

of a three-phase inverter used to supply the PMSM engaged for the 

traction application. Also, the requirements and device ratings for the 

three-phase inverter are listed for the design methodology.  Further on, 

the gate drive, the bootstrap and current measurement circuits are 

described. The first section ends with the inverter testing procedure 

using different configurations and different loads types. In the second 

part the cell balancing, and cell identification circuits are presented. The 

chapter ends with the battery configuration used as power supply. 

3.1 Three phase inverter design 

3.1.1 Requirements and device ratings 

The traction motor used is rated at 2.5 kW and delivers 12 Nm at 2000 

rpm base speed. Its rated current is 21 Arms at a DC link voltage of 120 

V. For a short period of time the machine can develop twice its rated 

torque and a peak-power of 5 kW. The DC-bus voltage is ensured by a 

battery pack with the nominal voltage of 126V and 1.6 kW rated power.  

The minimum voltage rating, Vd_min, of the power electronic device must 

be equal to the maximum of the DC-bus voltage, supplied by the battery, 

147V. This voltage increases during the regenerative braking or sudden 

voltage spikes and a safety margin of 50V is added to the minimum value 

of the voltage rating. 

𝑉𝑑 = 𝑉𝑑_𝑚𝑖𝑛 + ∆𝑠𝑎𝑓𝑒 (31) 
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The rms current at maximum power is 42A, resulting approximatively 

60A peak current. At this value a safety margin is added resulting a peak 

current for the power switch at least 120A. 

𝐼𝑑 = (1.5 ÷ 2.5)𝐼𝑝𝑒𝑎𝑘 (32) 

Considering the power switch ratings, the MOSFET IRFP4668 is used to 

build the three-phase inverter. Its main parameters are listed in Table 

3.1.  

Table 3.1. MOSFET IRFP4668 ratings 

Continuous Drain Current (25⁰C) 130 A 
Continuous Drain Current 
(100⁰C) 

92 A 

Drain-to-Source Breakdown 
Voltage 

200 V 

Maximum Power Dissipation 520 W 
Diode Continuous Source Current 130 A 
Diode Forward Voltage 1.3 V 

 
3.1.2 The gate drive requirement and the bootstrap components 

The principal gate drive requirements for a power MOSFET used as a 
high-side switch, Fig. 3.1: 

• The gate voltage must be 10 to 15V higher than the source voltage. 

In the high-site configuration this voltage must be higher than the 

the highest voltage available in the system. 

• The gate voltage must be controllable from the logic, normally 

referenced to ground. 

• The power absorbed by the gate drive circuit should not 

significantly affect the overall efficiency. 
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Fig.3.1. The power MOSFET in the high-side configuration 

Taking into consideration the requirements of the gate drive, the half 

bridge driver IR2111 is used to perform this function. This driver 

integrates most of the functions required to switch one high-side and one 

low-side power MOSFETs in a compact, high performance package. The 

logic input is compatible with standard CMOS (complementary metal–

oxide–semiconductor) outputs, dependent high and low side referenced 

output channels with internally set deadtime of 650 ns to avoid shoot-

trough in the power half-bridge. Bootstrap principle can be applied and 

can operate up to hundreds of kHz switching frequency. The floating 

channel can be used in high side configuration for MOSFETs which 
operates up to 600V.  

In half-bridge configuration the bootstrap circuit is used to supply bias 

to the high-side MOSFET. When the high-side FET (field-effect transistor) 

is off and the low-side FET is on, and the VS pin is pulled to ground. The 

bootstrap capacitor is charged through the bootstrap diode from the VCC 

bias supply [1]. Fig. 3.2 shows the charging and discharging path of a 

bootstrap circuit in a half-bridge configuration using IR2111 half-bridge 
driver.  
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Fig.3.2. Bootstrap charging and discharging path 

The bootstrap capacitor and diode are the only external components 

required for standard PWM applications. The voltage on the bootstrap 

capacitor is VCC. Its capacitance must meet the following constraints:  

• Gate voltage required to enhance MOS Gated Transistor (MGT) 

• IQBS – quiescent current for the high-side driver circuitry 

• Currents within the level shifter of the control IC  

• MGT gate-source forward leakage current 
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• Bootstrap capacitor leakage current (if bootstrap capacitor is an 

electrolytic capacitor) 

To calculate the minimum charge which needs to be supplied by the 

bootstrap capacitor equation (33) is applied [2].  

 

𝑄𝑏𝑠 = 2𝑄𝑔 +
𝐼𝑞𝑏𝑠(𝑚𝑎𝑥)

𝑓
+  𝑄𝑙𝑠 +  

𝐼𝐶𝑏𝑠(𝑙𝑒𝑎𝑘)

𝑓
 

(33) 

where: 

Qg – gate charge of high side FET; 

ICbs – bootstrap capacitor leakage current; 

f – frequency of operation; 

Qls – level shift charge required charge per cycle (5nC for 500V); 

For the IRFP4668 MOSFET the minimum calculated charge reaches 497 

nC. This charge must be supplied by the bootstrap capacitor and ensure 

its full voltage. If the voltage is not maintained, the undervoltage lockout 

can be triggered due to the ripple causing the HO output to stop 

functioning. This leads to a charge in the bootstrap capacitor at least two 
times the minimum calculated charge from above, equation (34), [2,3].  

𝐶 ≥
2 [2𝑄𝑔 +

𝐼𝑞𝑏𝑠(𝑚𝑎𝑥)

𝑓
+  𝑄𝑙𝑠 +  

𝐼𝐶𝑏𝑠(𝑙𝑒𝑎𝑘)

𝑓
]

𝑉𝑐𝑐 − 𝑉𝑓 − 𝑉𝐿𝑆 − 𝑉𝑀𝑖𝑛
 (34) 

 

where: 

Vf – forward voltage drop across the bootstrap diode; 

VLS – voltage drop across the low side FET; 

VMin – minimum voltage between VB and VS; 

The value of the capacitor obtained from equation (34) is 135 nF this 

being the lowest required value. To minimize the risk of overcharging 

and reduce ripple on the Vbs, the minimum value of the bootstrap 

capacitor is multiplied by a factor of 15, considering also the 
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commercially available ratings. Hence, the capacitor selected is 2.2 uF 
multilayer ceramic capacitor. 

The bootstrap diode must be able to block the full voltage rail when the 

high side device is switched on. A fast recovery diode is needed to 

minimize the charge feedback from the bootstrap capacitor into the VCC 

supply. The diode used is MUR160 with super-fast recovery time, high 

efficiency, and low forward voltage drop.  

3.1.3 The gate resistance and the current measurement 

circuits 

Between the PWM signal from the controller and the half-bridge driver 

an optocoupler is used to provide galvanic isolation. In this configuration 

the inverter controller can’t be damaged by any faults that can occur in 

the circuit. The complete circuit’s schematic for one inverter leg is 

represented in Fig. 3.3. In Appendix A.1 the schematic and the PCB design 

for the driver circuit is detailed while in Appendix A.2 the power stage of 

the inverter is presented.  

When the gate signal is turn-on, the power MOSFET’s gate capacitance is 

charged through the RGATE and the turn-off is secured by the DOFF diode 

and ROFF resistor.  

The equations presented below are used to size the turn-on and off gate 
resistors for the IRFP4668 MOSFET and IR2111 half-bridge driver.  

Turn-on gate resistance [4]: 

𝐼𝑞(𝑎𝑣𝑟) =
𝑄𝑔𝑠 + 𝑄𝑔𝑑

𝑡𝑠𝑤
=

54 + 52 (𝑛𝐶)

500 (𝑛𝑠)
= 212 [𝑚𝐴] 

 

𝑅𝑡𝑜𝑡𝑎𝑙 =
𝑉𝐶𝐶 − 𝑉𝑔𝑠(𝑡ℎ)

𝐼𝑔(𝑎𝑣𝑟)
=

15 − 5

0.212
= 47.2 [Ω] 

 

𝑅𝐷𝑅𝑉(𝑂𝑁) =
𝑉𝐶𝐶

𝐼𝑠𝑜𝑢𝑟𝑐𝑒
=  

15 (𝑉)

400 (𝑚𝐴)
= 37.5 [Ω]   

 

(35) 
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Fig.3.3. The schematic for one inverter leg 
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The turn-off gate resistance [4]: 

𝑅𝐷𝑅𝑉(𝑂𝐹𝐹) =
𝑉𝐶𝐶

𝐼𝑠𝑖𝑛𝑘
=  

15 (𝑉)

500 (𝑚𝐴)
= 30 [Ω]   

 

𝑅𝑔(𝑜𝑓𝑓) ≤
𝑉𝑔𝑠(𝑡ℎ)𝑚𝑖𝑛

𝐶𝑔𝑑 ∙
𝑑𝑉𝑜𝑢𝑡

𝑑𝑡

− 𝑅𝐷𝑅𝑉(𝑂𝐹𝐹) =
3

80 ∙ 10−12 ∙ 0.5 ∙ 109
− 30

= 7.5 [Ω] 

(36) 

where: 

Isource – output low short circuit pulse current (driver) 

Cgd(off) – the Miller effect capacitor 

dVout/dt – voltage output slope 

Snubbers are used in parallel with each inverter leg to smooth out any 

voltage spikes caused by the circuit’s inductance when a semi-conductor 

opens. Three snubbers are mounted on the inverter to cover a wide range 

of ringing frequencies. The values of the snubber capacitances are 2.2, 
0.22 and 0.01 pF.    

 

Fig.3.4. Schematic for current measurement 

For each electrical machine phase, the circuit from Fig. 3.4 is used to 

measure the current. The Hall effect type current transducer mounted is 

LEM LA55-P. The maximum current measured by it is ±70A. The 

measuring resistance used in the circuit is a high precision 200Ω one. In 

Appendix A.3 the schematic of the complete circuit and PCB design used 
for the current measurement is presented. 
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3.1.4 Inverter testing protocols  

Going forward with the development process of the inverter, the next 

step was to test it in different configurations connected to different load 

types. Preliminary, each leg was tested individually for different current 

ratings and load types. Next, the H-bridge configuration testing was 

carried out followed by the ultimate challenge, complete inverter testing 

under three-phase load.  

a. Single inverter leg testing 

Using the configuration from Fig. 3.5, only one inverter leg is used. Each 

leg was tested separately using the same load. For the first 

measurements a 680Ω resistor loaded the leg to ensure small current 

flow to check the voltage signals. The MOSFETs gate to source and drain 

to source voltages are measured to check the commutation process, Fig. 

3.6 and 3.7. The switching frequency of the inverter is 10 kHz and the DC 

link voltage 120V, supplied from an external supply.  

 

Fig.3.5. One leg test 

In Fig. 3.6 a small difference between the high and low side gate voltages 

MOSFET can be noticed. This is caused by the voltage drop on the fast 

diode of the boot circuit. The drain to source voltage is depicted in Fig. 

3.7 proving that no voltage spikes occur during the switching.  
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Fig.3.6. Gate to source signal 

 

Fig.3.7. Drain to source signal 
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Fig.3.8. Load current and voltage 

 

In Fig.3.8 both load current and voltage are superimposed. After this 

preliminary validation, a smaller resistive load was connected to the 

inverter leg, 2.2 Ω. This will push to higher current flow through the 

circuit. In Fig.3.9 the voltage on both top and bottom MOSFET’s is 

depicted.  Compared to Fig. 3.7 where the current was close to zero 

(practically no load situation), here a very small disturbances can be 

noticed on the voltage due to the 2.2 Ω load that is not purely resistive. 

This proves that the inverter leg is working correctly. The current and 

voltage through the load are depicted in Fig. 3.10. The mean value of the 

current through the load was 20A obtained for 40% duty cycle at 120V 

DC link voltage. In the next setup a resistive-inductive load of 2.344mH 

and 0.2 Ω resistance was used. The DC link voltage was kept the same, 

however the current through the load increased in this condition to 32A. 

The drain to source voltages on both FETs are depicted in Fig.3.11 and 

due to the inductive load, a ringing effect can be observed in the voltage. 

In Fig.3.12 the load current and voltage are depicted.  
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Fig.3.9. Drain to source voltage 

 

Fig.3.10. The load current and voltage 
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Fig.3.11. The voltage across the power FET’s using an inductive load 

 

Fig.3.12. The voltage across the power FET’s using an inductive load 

 

b. H-bridge configuration testing 

In H-bridge configuration, two legs of the inverter are engaged, as it can 

be seen in Fig. 3.13. The same inductive load is used for testing, rated at 

2.344mH and 0.2 Ω. PWM technique was used for this test, switching at 
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10kHz frequency while the reference signal for the modulation was a 

sinusoidal wave with a frequency of 55Hz, in order to obtain a wide range 

of load currents and voltages in a single test.  In Fig. 3.14 the gate to 

source signal for one leg of the H-bridge is depicted, emphasizing the 

inductive nature of the load. On the same leg the voltage across de FETs 
was measured and plotted in Fig.3.15.   

 

Fig.3.13. The H bridge circuit

 

Fig.3.14. The gate to source signals for one leg 
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Fig.3.15. The drain to source voltage for one leg 

The current flowing through the inductive load is depicted in Fig. 3.16, 

with no filter applied to the measured signal. This value was the 

maximum that can be reached as for larger ones the magnetic circuit will 

saturate and distorte the sinusoidal current shape. In the load voltage, 

Fig. 3.17, spikes and ringing effects can be seen due to the load 
inductance.  

 

Fig.3.16. The load current 
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Fig.3.17. The load voltage 

 

c. Complete inverter testing 

For the final test the inverter was connected to a three-phase inductor 

used as a load (Fig. 3.18). Each inductor coil (each inductor phase) has 

2.344mH and 0.2 Ω. The DC link voltage was kept at 120V and the 

switching frequency 10kHz. A three-phase reference voltage was applied 
to the PWM at a frequency of 55Hz. 

 

Fig.3.18. The three-phase inverter connected on the inductive load 
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The drain to source voltage for the high and low side FETs are depicted 

separately in Fig. 3.19 and Fig. 3.20. In the last figure, Fig. 3.21, the three-

phase load currents are superimposed.  

Fig.3.19. Drain to source voltage for the high-side FETs

Fig.3.20. Drain to source voltage for the low-side FETs 
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Fig.3.21. The load three-phase current 

The general conclusion of all the above-mentioned testing procedures is 

that the inverter operates as expected. In close to pure resistive load 

there is no significant voltage or current signal distortion. On the other 

hand, in inductive load condition there are spikes, ringing and other 

parasitic effects that are phenomena accompanying the characteristic 

behavior. Even so, these values are acceptable and there is no need to 
consider these as abnormalities issues that can create worries.  
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3.2 The cell balancing and identification circuit 

3.2.1 The cell balancing circuit 

The cell balancing circuit’s operation and architecture is presented in 

chapter 2.2. Modelling of electric vehicle drive train assemblies, page 42. 

To switch the cell connections, automotive relays are used because there 

was no space limitation, no high switching frequency, and the goal was 

to build a circuit to prove the balancing concept/operation. The used 

relays are TE V23086 rated at 30A. To energize the coil’s relay a BC107 

bipolar NPN transistor was used, controlled from the digital output ports 

(3.3V) of the balancing controller. It is not possible to switch the relays 

directly from the digital ports because the coil’s rated current is higher 

than the maximum output current of the digital ports. The circuit’s 

schematic is presented in Fig. 3.22. The BC107 transistor was used as the 

maximum current is 0.2A, enough to energize the relay coil. The 

transistor’s operation areas are the cut-off region (fully-OFF) and 

saturated one (fully-ON). In the cut-off region the input base current and 

output collector current is zero and the collector-emitter voltage is 

maximum, therefore the transistor is switched fully-OFF.  For the 

saturation region, maximum base current is applied to have maximum 

collector current, and the minimum collector-emitter voltage drop. In 

this condition the maximum current is flowing through the transistor 

because is switched fully-ON. To operate the transistor in these regions 

the base resistance is calculated using equation (37). The minimum base 

current is 0.25 mA to have 50 mA current through the collector enough 

to energize the relay’s coil. For the base resistor a safety margin was 
taken into consideration and the base current was increased at 0.4 mA.  

𝐼𝐵 =
𝐼𝐶

𝛽
=  

0.05

20
= 0.25 [𝑚𝐴]   

 

𝑅𝐵 =
𝑉𝑖𝑛 − 𝑉𝐵𝐸

𝐼𝐵
=

3.3 − 0.7

0.004
= 650 [Ω] 

(37) 
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Fig.3.22. One relay circuit schematic 

To limit the current through the relay’s coil a 60 Ω resistance was 

connected in series because the voltage used to supply the coil is 15V and 

the nominal voltage from datasheet is 10V.   

 

Fig.3.23. Battery cell voltage measurement 

In Fig. 3.23 is the circuit designed to measure the cell voltage using an 

operational amplifier AD628. To set the amplifier’s output gain to 1, the 

additional resistances, Rext1 and Rext2 must be equal to 100kΩ and11kΩ, 
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respectively. This amplifier is used as there is a high common-mode 

voltage difference amplifier with the voltage range of ±120V when 

supplied with ±15V. The common-mode rejection is the ability of the 

differential amplifier to eliminate the common-mode voltage applied to 

both inputs from the output. In the cell balancing circuit, five cells can be 

balanced. The problem occurs when the voltage for the fifth cell is 

measured because the common mode voltage exceeds 15V and its 

measurement is not accurate if a high common-mode voltage difference 

amplifier is not used. The complete schematic of the balancing circuit and 

its PCB design are presented in Appendix B.  
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3.2.2 The cell parameters identification 

circuit 

To identify the battery cell parameters, the circuit to measure the 

voltage, current and temperature is given in Fig. 3.24. In this circuit for 

the voltage measurement an operational amplifier is used, while for the 

current measurement a hall effect current transducer is engaged. For the 

temperature quantification thermistors-based measurement is 
approached.  

 

Fig.3.24. Identification circuit, voltage and temperature measurement 

For the voltage measurement the LM324AN operational amplifier is 

used, and the circuit architecture is presented in Fig. 3.24-top. The 

amplification gain is calculated by dividing R1 or R2 by R3 or R4 resistors 

value. For R3 and R4, three different resistor values are mounted on the 
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circuit and using a jumper, any one of the three can be manually selected 

to set the amplification gain. To supply the temperature measurement 

circuit with 5V, a voltage regulator (LM340) is connected to the 15V 

voltage supply, Fig. 3.24 bottom. NTC thermistors are used for the 

temperature measurement. This circuit can be used to identify a 

complete battery and twelve thermistors that can be placed in different 

regions of the battery pack for thermal monitoring. The circuit for the 

current measurement was described above, in the inverter current 

measurement section on page 75. In Appendix C the schematic and the 

PCB design for the cell parameters identification circuit are presented.  

As mentioned above, the circuit can monitor twelve different 

temperatures. To reduce the number of analog input channels a 

multiplexer it is engaged, as presented in Fig. 3.25. Using this circuit only 

one analog input is required to fetch all the temperatures and using four 

digital channels (to create the selection code), any one of the twelve 

temperature is selected to be displayed/measured. 

 

Fig.3.25. The multiplexer for the temperature measurement 
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3.3 The battery unit 

The battery pack consists of Li-Ion NCR18650B cells produced by 

Panasonic. To reach the desired voltage level of the DC link, 120V, 35 cell 

packs are connected in series. To ensure the needed capacity, each cell 

pack contains 4 parallel connected cells. The final battery configuration 
is depicted in Fig. 3.26.   

 

Fig.3.26. The scooter battery configuration 

For each group of four parallel cells a plastic casing was designed using 

SolidWorks, a modeling computer-aided design and computer-aided 

engineering computer program. The designed model was loaded in 

Ultimaker Cura software, an open-source model slicing application for 

3D printers. The design and the sliced model are presented in Appendix 

D. After building the parallel packs, the series connection was based on 

2.5mm solid cooper conductors. The complete battery pack can be seen 

in the Appendix D. On the main battery connectors, a 16A two pole over 

current switch was installed for safety reasons, FAZ-C16/2-DC. 
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3.4 Conclusions 

This chapter presented the designed and built circuits for the testing 

facility. Also, the Li-ion battery configuration used in the HIL testing as 

supply is presented. In the first section, the sizing, designing, testing 

protocols and the results for the built three-phase inverters are detailed. 

The chapter continues with detailes about the balancing and 

identification circuits and finishes presenting thebattery pack 
configuration.  
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4. Experimental results 
 

In this chapter the experimental results are presented and analyzed. The 

first step is the real-time model in the loop (RTMiL) simulation where the 

Amesim model was connected with MATLAB/Simulink. In Amesim the 

dynamic model of the electric vehicle was created, and the driving cycle 

was imposed. In MATLAB/Simulink the traction motor, the torque 

control and the battery model were implemented. The link between the 

two software packages was done using NI VeriStand and the complete 

simulation is running on the embedded controller NI PXIe.  The next step 

was the hardware-in-the-loop (HIL) tests where the complete platform 

was broken down into assemblies to test them separately before they are 

coupled together.  The final step was the comparison between the 
simulation and experimental results. 

 

 4.1. Real-time model in the loop results 
 
The first step for the complete system validation was the real-time 
simulation.  Here, all the models of the electric vehicle drive train 
presented in Chapter two are integrated and simulated on a real-time 
processor. The hardware used for this simulation was a PXIe 1071 
chassis, equipped with a PXIe 8135, 2.3 GHz Quad-Core embedded 
controller from National Instruments. The two software packages used 
to implement the models for the complete drive train, MATLAB/Simulink 
and Amesim, are coupled using NI VeriStand, a software package for real-
time test applications. In Fig. 4.1 the real-time simulation platform is 
depicted, where the models are running on the real-time processor and 
the PC is used for interface. 

To run the models on the real-time processor for both software packages 
several settings must be fulfilled before the real-time dynamic-link 
library (DLL) file can be generated. In both simulation software packages 
the fixed-step solver is selected with the same step size, 1 kHz. For 
Amesim a VeriStand interface is created to read or write signals in the 
model. In Simulink, to read or write signals in the model, special input 
and output ports used for VeriStand interface are added and in the Code 
Generation tab the system target file NIVeriStand.tlc is set. The PWM 
used in the torque field-oriented control implemented in Simulink was 
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discarded because the carrier wave has a frequency of 10 kHz, and the 
real-time processor is not able to run a model with frequencies higher 
than 1kHz. After all mentioned settings are done the real-time DLL file 
can be compiled. In VeriStand the two real-time models are imported in 
the simulation model tab and the input/output ports can be accessed. In 
system configuration mappings the connections between the two models 
is handled. When the models are deployed on the real-time target, these 
perform like one large simulation. In system explorer, an embedded data 
logger custom device was created to stream the measurements data in a 
TDMS file for data post processing. In NI VeriStand an interface was 
created to display and control the simulation process [1-3]. 

 
Fig.4.1. RTMiL schematic 

 
For all the simulated and experimental tests, the same operational 
scenario was applied. The vehicle speed variation was obtained from an 
urban cycle from Cluj-Napoca, Romania, prerecorded using a GPS 
recorder. This track is saved in text file and applied in Amesim to the 
vehicle driver as reference speed. The control unit for the electric vehicle 
computes the torque needed for the vehicle reaching a speed equal to the 
reference one. This torque is used as reference for the torque control 
strategy implemented in Simulink. The computed current on q-axis is 
calculated from the reference torque, whilethe current on d-axis is set to 
zero. The reference q-axis current and the one obtained in the simulation 
are depicted in Fig. 4.2 whilein Fig.4.3 the PMSM torque is plotted. In 
Simulink the PMSM torque was calculated and transmitted back to the 
vehicle model in Amesim. Between the traction motor and vehicle wheel 
a mechanical reducer was introduced in Amesim with a gear ratio of five. 
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Fig.4.2. The current on q-axis 

 

A very good agreement can be seen in Fig. 4.2, between the reference and 

simulated current on q-axis. This underlines the robustness of the 
regulators in charge with the currents control.   

 

Fig.4.3. The traction motor’s developed torque 
 
The PMSM torque presented in Fig. 4.3 is driven through a reducer and 
the obtained vehicle speed is represented in Fig. 4.4. Because the 
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reference current and simulation current are in the good agreement, the 
vehicle speed follows closely the urban cycle as operation scenario. 

 
Fig.4.4. The vehicle speed 

 
Fig.4.5. The current applied to the battery 

 
In the simulation, the DC-link is supplied from the battery model. The 
current drained from the battery is calculated by multiplying the 
modulation index with the three-phase PMSM currents. This DC current 
is represented in Fig. 4.5 and referenced to the battery model. The 
battery voltage variations for the first and second order models are 
depicted in Fig. 4.6 whilein Fig.4.7 the state of charge is plotted. 
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Fig.4.6. The battery voltage variation 

 

Fig.4.7. The battery state of charge 
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 4.2. Hardware-in-the-loop tests 

In the current section the complete hardware testing facility is gradually 
validated. Before the integration of the complete platform, the main 
components are separately tested and validated.  

In the first configuration the real-time model of battery pack is compared 
with measurements performed on the real battery. The next step is the 
torque and speed control validation for the two machines, the traction 
and the load emulator one. Moving forward, the vehicle battery was 
emulated using a programable bidirectional DC power supply connected 
to the traction machine’s three-phase inverter to analyze the system 
behaviour before connecting the real battery. For the ultimate test, the 
complete platform was validated, and the chapter ends with the 
comparison of the RTMiL and HIL results. 

 
  4.2.1. Battery-in-the-loop results 

 
In the Battery in the Loop (BiL) setup the real battery is connected to a 

bidirectional power supply that acts as a power source/sink. The 

VeriStand model is the same as presented in the RTMiL, but the 

calculated current becomes reference for the bidirectional power supply. 

This is remotely controlled through the analog interface and behaves like 

the actual vehicle (seen from the battery’s perspective). Using the NI PXI-

7841R FPGA reconfigurable I/O module, the calculated current is 

converted in reference voltage necessary for the analog output port. This 

is connected to the bidirectional power supply’s analog interface by this 

controlling the current drained or supplied from/to the battery.  The 

actual battery voltage is measured and sent to the Simulink model 

becoming the DC link voltage in the real-time simulation [4-6].  
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Fig.4.8. Battery HIL scheme 

In Fig. 4.8 the configuration of the test bench for battery HIL testing is 

depicted. In the bottom rounded rectangle, the battery under test is 

connected to the bidirectional power supply. On top of the setup, the PXIe 

is running the real-time simulation. This is connected to the PC to control 

the simulation and to display the signals on the interface.  The measured 

battery voltage variation is represented in Fig. 4.9.  

 

The current drained/sourced to the battery is the same current 

represented in Fig. 4.5. To validate the battery models, the first, and 

second order, as well as the measured voltages are plotted on the same 

graph, Fig. 4.10. Very small disagreements can be observed between the 

simulation results and the measured voltage. For a better perspective, 

the absolute error is quantified and depicted in Fig. 4.11. The smallest 

error is obtained for the second order model. 
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Fig.4.9. The measured battery voltage 

 

 

Fig.4.10. The comparison for the resulted voltages 

 

 



102 
 

 
Fig.4.11. The absolute error 

 

  4.2.2. PMSM hardware-in-the-loop results 

 

In the configuration presented in Fig. 4.12. the control of the traction 

motor is tested. Two identical PMSMs are mechanically coupled. One is 

the traction motor, right side in Fig. 4.12, and the other one is the load 

emulator, on the left side. The prerecorded driving cycle is sent to 

Amesim to the driver. The torque needed to follow the speed cycle is 

computed by the vehicle control unit as reference for the field-oriented 

torque control used for the traction motor. This is computed in 

MicroLabBox and transmitted through an analog output port to the NI 

PXIe. In the Amesim model the traction motor torque is distributed to the 

vehicle dynamics through a mechanical reducer. From the driving cycle, 

the motor speed is calculated depending on the wheel dimension and the 

mechanical reducer. It is then applied to the load emulator’s speed 

control as a reference speed. From both control strategies, the switching 

signals are obtained for the two three-phase inverters. The common DC 

link of the inverters is connected to a bidirectional DC power supply. The 

measured signals, as feedback for the two control strategies, are the 
currents for each phase, the rotor position and its speed. 
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Fig.4.12. PMSM HIL scheme 

The same prerecorded driving cycle was considered and thus resulting 

the reference speed for the load emulator. In Fig. 4.13 the reference and 

the measured motor speed are superimposed.  The good agreement 

between the two highlights the correct operation of both simulated and 

experimentally controlled machine. 
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Fig.4.13. The reference and measured speed 

From the reference torque computed by the vehicle control unit the 

reference current for the q-axis is calculated. In Fig. 4.14 the reference 

and measured currents on q-axis are overlapped. The reference current 

on d-axis is set to zero.  A very good agreement can be seen between the 

curves in Fig. 4.14. Fig. 4.15 depicts the torque developed by the traction 
motor. 

 

Fig.4.14. The current (reference vs. measured) on q-axis 
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Fig.4.15. The PMSM developed electromagnetic torque 

As a conclusion of analyzing the above presented results, the good 

functionality of the torque controller for the traction motor and the 

speed controller for the load emulator was experimentally proved. 

 

  4.2.3. Battery emulation hardware-in-the-loop results 

 

In this configuration of the testing platform, the vehicle battery normally 

connected to the traction machine’s DC link, is replaced by a bidirectional 

DC power supply. The voltage output of the bidirectional DC power 

supply is controlled from the PXIe real-time simulation, where the 

battery model is running. For the vehicle load emulator, the DC link is 

supplied by a second bidirectional DC power supply set to constant 

voltage. The current drained/supplied from/to the battery is calculated 

from the PMSM currents and supplied to the battery model. This 

calculation is performed in MicroLabBox and transmitted to the PXIe via 

an analog port as represented in Fig. 4.17. The battery model voltage 

variation as response to the imposed current (Fig. 4.17) is depicted in 

Fig. 4.18 whilethe battery state of charge for the complete driving cycle 
is depicted in Fig.4.19. 
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Fig.4.16. Battery emulation HIL scheme 

 

Fig.4.17. The calculated DC link current imposed to the battery model 
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Fig.4.18. The voltage variation of the battery model 

 

Fig.4.19. The battery state of charge 

To avoid redundancy, the vehicle speed and the traction motor torque 

are not presented as these are identical to those detailed in the PMSM 

HIL results section.   
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  4.2.4. Complete hardware-in-the-loop results 
 

 

Fig.4.20. The complete HIL scheme 

The complete testing facility that integrates all the hardware assemblies 

into a HIL system is depicted in Fig. 4.20. The 1.6 kWh Li-ion battery is 

connected to the DC link terminals of the traction machine three-phase 

inverter. The power supply for the vehicle load emulator is the 

bidirectional DC power supply as the traction machine is working in both 

regimes, motor and regenerative braking. The torque required by the 

scooter to track the imposed driving cycle is calculated in the Amesim 

model and transmitted to the torque controller in MicroLabBox as 

reference. From this value the reference current for q-axis is then 

calculated. In Fig. 4.21 the reference and measured currents for the q-

axis are superimposed while Fig. 4.22 depicts the electromagnetic torque 

developed by the traction motor. Negligible differences can be observed 

between the curves of Fig. 4.21 proving correct and robust operation of 

the torque controller. The imposed emulator’s load and measured speed 

variations are depicted in Fig. 4.23. Here too, similarity of the curves 

proves the good operation of the system. [6] 
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Fig.4.21. The currents on q-axis 

 

Fig.4.22. The torque developed by the traction motor 
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Fig.4.23. The reference and measure speeds for the PMSM ‘s load 
emulator  

The current drained/supplied from/to the battery by the traction 

machine was measured with a current sensor being presented in Fig. 

4.24. In Fig. 4.25 the measured battery voltage variation during the 
complete driving cycle is plotted. 

 

Fig.4.24. The battery current 
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Fig.4.25. The battery voltage 

 

 

 4.3. Comparative analysis of the results of RTMiL 

vs. HIL 
 

The last step for the platform validation is to compare the results from 

the real-time simulation with those measured with hardware-in-the-

loop testing. The measured battery voltage and current are compared 

with the values obtained from the real-time simulations. In Fig.4.26 and 

Fig. 4.27 the current and attery voltage variations are depicted. In both 

figures, good overlapping of the curves can be noticed concluding that 

the second-order equivalent circuit model implemented in Simulink is 

accurate enough to be compared to the real battery. 
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Fig.4.26. Comparison on the battery currents  

 

Fig.4.27. Comparison on the battery voltages  

For the validation of the traction motor, the current on q-axis from the 

real-time simulation is compared with the current on the q-axis 

measured on the real test bench. The comparison between the two is 

depicted in Fig. 4.28. These are almost the same, the noticeable difference 

being the noise of the measured current where no filter is applied.   
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Fig.4.28. The current on the q-axis resulted from the real-time 
simulation vs. HIL 

 

Fig.4.29. The torque of the traction motor resulted from real-time 

simulation and HIL 

The test results detailed in this chapter prove the functionality of the 

platform and highlights its flexibility to shift from full simulation to 

partial or total HIL analysis. The transition between virtual or close to 

real approaches is smooth, fast, accurate and reliable. The results prove 
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this and not only demonstrate the lucrativeness of the developed tool but 

also provide information about the design and building pHILosophy of 

the entire system. The real-time simulation results compared to those 

from hardware-in-the-loop testing offer a cross validation, RTMiL proves 

the operational skill with HIL results and vice versa. 

 

 4.4. Conclusions 
 

This chapter presented the real-time simulations and the results 

measured on the testbench. During RTMiL the complete platform 
simulation is tested applying a driving scenario for the electric scooter.  

To validate the platform’s components, each element is tested separately 

engaging different HiL configurations detailed in this chapter. For the 

final analysis, the complete HiL platform is tested, and the chapter ends 

with a comparison of the results obtained from RTMiL and HiL. Based on 

the presented results both the simulations and the platform’s functional 

skills and perfromances are validated. 
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 5. Conclusions, contributions, and future work 
 

The global challenge is the reduction of the total greenhouse gas 

emissions. In Europe the transport sector represents a quarter of the 

total emissions and within the sector the road transport is the biggest 

emitter, more than 70%. The main areas for action are the efficiency 

increasing of the transport system, accelerating the deployment of low-

emission alternative energy, and moving towards zero-emission 

vehicles.  

The goal for a low or zero emissions transportation can be achieved by 

the electric and hybrid vehicles integration. The integration will have a 

negative impact on the existing power grid, and this is an important 
research subject treated in many papers.  

The manufacurers competition now is for a continuously development of 

new and more efficient hybrid and full electric electric propulsion 

systems. For this development high accuracy simulations and testing 

platforms are used. All the propulsion components are highly optimized 

to reach the maximum efficiency. 

The perspective created in this study proved with theoretical and 

experimental results underlines the benefits of a genuine platform for EV 

research, development, testing and optimization available for any OEMs 

involved in such activities. The “X”-iL philosophy in which it was developed 

ensures utility on any power, complexity, hardware availability and 

knowledge scale. The flexibility to transition from MiL, SiL, PiL, or RTMiL 

to HiL, the ease of usage and the accuracy of the results, strengthens the 

benefits of using it, ensuring reduced time to market by fast and low-cost 

development process. The latter ones are attributes of large interest 

nowadays in the competitive EV industry. The thesis proved concepts 

developed using certain hardware and software tools, however not these 

are of interest, but the engineering philosophy built and proved with them. 

In the following sections the main contributions of the thesis are 
presented and, in the end, the future work. 
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 5.1. Contributions 
 
In the second chapter of the thesis the simulation models for each 

component of the platform are detailed. Two simulation softwares are 

used, MATLAB/Simulink and Simcenter Amesim and a third software, NI 
VeriStand, to link the two and run on the real-time processor.  

First the dynamic model of the electric scooter was implemented in 

Amesim and the main parameters are listed. Next the drive train 

assemblies are presented, starting with the Li-ion cell model. For the cell 

different equivalent electrical circuit models are described and two are 

presented in detail including the identification procedure, the model 

parameters extraction and the two models validation. Moving forward 

the passive and active cell balancing methods are presented and a novel 

cell balancing circuit has been built and tested in this section. For the 

balancing circuit a patent was issued. The chapter continues with the 

model of the three-phase voltage source inverter, the permanent magnet 

synchronous machine used as traction motor and the field-oriented 

control.  The tunning process of PI controllers is detailed, and the 

complete control is validated by comparing the simulation results with 
the test bench measurements.  

The third chapter presents the development of the hardware-in-the-loop 

testing facility. The design of the three-phase inverter starts with the 

requirements that must be met by the components that are used to build 

the inverter. The gate drive and resistance, the bootstrap components, 

and the current measurement circuit are detailed in this section. The 

complete schematic and the PCB circuit of the inverter are designed in 

the Altium Designer software. After the building process, some testing 

protocols are applied to the inverter to validate the good functionality 

and the testing results are depicted. First, each leg was tested separately 

using different loads. The next test was in H-bridge configuration and for 

the last test the complete inverter. The chapter continues with the design 

of the novel active cell balancing circuit. Automotive relays are used to 

switch between the cell for this demonstrator balancing circuit because 

the purpose was to prove the balancing concept and there were no space 

constraints. Here the circuit for the relay control and the cell voltage 
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measurem circuit are presented. Next, the identification circuit is 
detailed, and the chapter ends with the battery unit configuration.  

The fourth chapter has been focused on the experimental results. The 

chapter starts with the real-time model in the loop results. In this 

configuration the MATLAB/Simulink and Amesim models are coupled 

using NI VeriStand and simulated on a real-time processor. The 

simulation results are depicted.  

Moving forward the hardware-in-the-loop (HIL) tests are detailed, 

starting with the battery-in-the-loop configuration of the platform. In 

this test only the battery is tested on the test-bench and the rest of the 

platform is simulated. The objective of this test is to validate the two 

equivalent circuit battery models by comparing the simulation results 

with the measured ones on the real battery. The results of the 

comparison and the errors are detailed.  

In the next HIL test the field-oriented torque control applied on the 

traction motor and the speed control applied to the load emulator are 

tested. Both PMSM’s share the same DC-link, supplied by a bidirectional 

DC power supply. Each machine is connected to a three-phase inverter 

and the power switching elements are controlleg from the Mico LabBox 

controller. The reference torque and speed applied to the two control 

strategies are obtained from the Amesim simulation. Next the results are 

depicted and prove the correct behaviour of the two control strategies. 

For the next test setup, the real battery used to supply the traction motor 

is replaced by a battery emulator. This emulator is a bidirectional power 

DC power supply controlled via the analog input port by the PXIe real-

time simulator where the simulated battery model is running. The load 

machine is supplied by a second bidirectional DC power supply. In this 

configuration the battery can be tested in extreme conditions to see the 

behaviour without demage to the real battery.  

The last test configuration was the complete platform hardware-in-the-

loop, where only the vehicle dynamic model is running in the real-time 

simulation, the rest of the components are connected on the test-bench. 

The Li-ion battery is connected to the traction motor three-phase 
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inverter and for the load emulator was used a bidirectional DC power 
supply.  

The chapter ends with a comparative analysis of the real-time simulation 

results and the measurements obtained in the hardware-in-the-loop 

testing. The real-time model in the loop simulation is validated and based 

on the presented results, high accuracy was obtained.  

The most significant contributions of this work to the actual status of 

research are listed below: 

• The speed and torque control algorithms were implemented in 
simulation and validated on the testbench using the MicroLabBox.  

• A PI regulator tunning process using the system transfer function 
for the speed and current regulators was carried out. 

•  A back-to-back configuration with two three-phase inverters was 
designed and builded to be used to supply the traction and the 
load machine. 

• The measurement circuit used for the Li-Ion cell identification 
procedure was designed, implemented, and tested. 

• A novel active cell balancing circuit was developed, implemented, 
and validated for five cells. 

• The identification procedure and the balancing logic was 
developed using the LabView software and implemented with 
National Instruments hardware. 

• Complete experimental validation of the simulation 
models/results for different components of the scooter 
powertrain was carried out. 

• The complete hardware-in-the-loop platform implemented and 
tested was the final outcome of the present study.  

 

 5.2. Future Work 

   

The testing platform developed in this thesis proves to be a promising 

tool for the electric propulsion power train testing. The testing facility 

can be improved in many directions and these can be some future 

research subjects.  

For the battery unit to increase the accuracy of the model the thermal 

model can be added, and the state of health can be estimated. The battery 
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state of charge can be better estimated using the impedance 

spectroscopy method or using the adaptive systems (back propagation 

(BP) neural network, radial basis function (RBF) neural network, etc.) 

because the Coulomb counting method used in this work is highly 

susceptible to errors.  

The control of the traction machine can be improved by applying the 

predictive torque control. The sensorless control can be implemented to 

reduce the total cost of the electric propulsion solution. A fault tolerant 

algorithm can be applied to eliminate the risks if the current 
measurement is faulty. 

The dynamic model of the vehicle developed in Amesim can be upgraded. 

The energy consumption of the auxiliary systems of the electric vehicle 
can be added.  
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APPENDICES 
 

Appendix A. The three-phase inverter details 

 A.1. Driver circuit 

 

Fig. A.1 The driver schematic 
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Fig. A.2 Driver PCB design’s top view 

 

Fig. A.3 The driver circuit top view 
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 A.2. The inverter’s power stage 
 

 

Fig. A.4 The power stage schematic 
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Fig. A.5 The power stage circuit PCB’s top view 

 

Fig. A.6 The power stage of the inverter with the DC link capacitors 
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 A.3. The current and voltage measurement circuit 
 

 

Fig. A.7 The measurement circuit’s schematic 
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Fig. A.8 The measurement circuit’s PCB design 
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Appendix B. The balancing circuit 

 

Fig. B.1 The schematic of the balancing circuit 
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Fig. B.2 The PCB design for the balancing circuit 

 

Fig. B.3 The complete cell balancing circuit   
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Appendix C. The cell parameters identification circuit 

 

Fig. C.1 The cell parameters identification schematic circuit  
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Fig. C.2 The cell parameters identification PCB design 

 

Fig. C.3 The built circuit for cell parameters identification  
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Appendix D. The battery pack 

 

Fig. D.1 The plastic cell support for parallel connection 

 

Fig. D.2 The cell support for parallel connection - 3D printer version 
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Fig. D.3 The complete battery pack for the electric scooter  
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