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Abstract

This thesis presents a power management system with multiple battery cells
connected in series. The main focus is to use H-bridge across each battery to manage
battery charging and discharging processes. The H-bridge converter charges the batteries
and also provides adjustable DC voltage outputs. The multi-cell batteries are connected in
series into proposed battery pack. The proposed battery power management system
provides load voltage and battery protection, fault diagnostic and battery equalization. In
this study, the battery pack of 10 Lithium-Ion cells in series is charged with AC source, a
rectifier, and a buck converter. A DC motor is excited by the charger from -37 volt to +37

volt as the load. MATLAB software is used to design and analyze the proposed system.
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Chapter 1

Introduction

1.1 Battery Powered System

In recent years, battery technology has significantly improved. Batteries with smaller
size and lighter weight are used in a wide range of products, especially in portable power
systems. In battery-powered systems, a battery is used as a main or spare source of
energy. Based on the charging power source, the battery stack may have a rectifier to
convert AC voltage to DC voltage and a DC-DC chopper to adjust voltage level. Battery
powered devices also can supply power for different loads like DC or AC electrical
machines. A DC-DC converter is located between charging DC power sources and the
battery stack. Battery cell arrangements can be in series or parallel to provide DC
charging voltage for the system. Batteries may be connected in other ways to provide
high voltage supplies, such as uninterruptable power supply (UPS) in electric utility, solar

energy storage [2] and electric vehicle [3, 4].

High voltage batteries can be categorized in different types according to their
chemistry such as lithium-ion cells fuel cells and other electrochemical cells. Some
batteries are ideal for small projects like household UPS where size is not considered. But
for some applications like electric vehicle the size of batteries and their connections as
battery stack are main concerns. Most types of rechargeable cells, such as Lithium-Ion
cells, should not be discharged below a lower voltage limit or charged above a higher

voltage limit. The state operation area (SOA) of Lithium-Ion cells is limited by current,



temperature, and voltage. They will be quickly damaged if overcharged above a certain
voltage (4.2 volt). The temperature effects the lifetime of Li-lon cells which will be
drastically reduced if discharged outside a certain temperature range [5, 6]. When a small
battery pack with few cells in series is charged, the charging voltage is divided almost
equally among the battery cells. However, in electric vehicle applications where a large
number of battery cells are connected in series, there is a high possibility that the overall
pack voltage is not equally divided among its cells. Consider a three-cell battery pack,
charged up to 12.8 volts. As shown in Figure 1.1.a, each cell gets 4.2 volt if the cells are
perfectly balanced. Practically, because of production tolerances, uneven temperature
distribution and differences in the ageing characteristics of battery cells, there is a
possibility that some cells are fully charged and some are partially charged as shown in
Figure 1.1. b. In Figure 1.1.b, one cell is overcharged to 5.7 volt which leads to an
increase in the battery temperature. In the meantime, the other cells are not fully charged.
Cell-balancing techniques can equalize the batteries charge in a battery stack, reduce the
cost, control the recharging of battery cells, decrease damage during charging and extend

the life of the battery cells.
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Figure 1.1: Four cells battery: (a) balanced and (b) unbalanced
1.2 Research Objectives and Contributions

In this thesis, a combined hardware and software solution to battery power
management is used to control the switches across each battery cell. In doing so, the
system controls battery charging, balancing, and discharging. This is done by controlling
the interconnection scheme of each battery cell with respect to the rest of the cells in the
battery pack. By applying this technology to a battery, it becomes a smart battery. In
other words, the proposed system is an energy source that is comprised of individual
controllable energy storage modules. Each battery cell can be controlled to be in a

positive, negative, or bypassed configuration based upon the statuses of the switches.



When a battery fault occurred, the cell can be isolated and bypassed to allow its

neighboring cell to continue to function.

1.3 Methodology of Research

The research was begun with studies on systems which have a battery stack as their

main source of energy. The H-bridge converter capability to handle both battery

management and power electronic parts are also investigated. MATLAB is used for

modeling and simulating the system. The following tasks have been done in the thesis.

Task#1:

Task#2:

Task#3:

Task#4:

Task#5:

Task#6:

Research for other power management systems for battery-powered power
supply in chapter 2.

Investigate H-bridge converter as a part of battery management system in
chapter 2.

Proposing a combined hardware and software solution to power
management: the software provides the intelligence that controls the
hardware, which controls the physical connection among battery cells in
chapter 3.

Analyze the feasibility and performance of the proposed controllers via
simulation using MATLAB/SIMULINK simulation package in chapter 3.
Design the voltage and current control loops of DC-DC charger with bode-
plot method in chapter 4.

Design and analyze of the speed and torque control loops for DC motor

control in chapter 4.



Chapter 2

Battery Stack Modeling with MATLAB

2.1 Introduction

In this chapter the main characteristics of a battery are discussed. The major
components of a battery for modelling are investigated and MATLAB-Simulink model is
presented. Battery is a general term for cells that convert stored chemical energy to
electrical energy. Batteries may consist of only one cell or may consist of various cells
connected to each other. For example, typical 12 V, 40 Ah car batteries have six cells
connected in series with the nominal voltage of 2 volt per cell. Batteries can be
categorized in different types according to their chemistry compositions such as Lead
Acid, Nickel Cadmium, Nickel Hydride and Lithium-Ion. The Lithium-Ion battery is
lightest in weight compared to other chemical batteries. The measure of the amount of
energy that a battery can hold is referred to energy density. High energy density is one of
the largest advantages of Lithium-lon batteries, which make them compact and small.
Nowadays, these batteries are widely adopted in portable electronic devices, such as
laptop computers, smart phones and digital cameras. Low maintenance and less self-

discharge are other merits of Lithium-Ion battery.

Also, batteries can be categorized in two types according to their recharge abilities. In
primary cell, the electrochemical reaction in primary batteries is irreversible after
depletion, so the battery is not rechargeable. Primary cells are lighter in weight than

secondary cells and suitable for transportation application. Secondary or rechargeable



batteries are more expensive individually; however, they are more cost efficient over a

long period of time.

2.2 Battery Capacity and Performance

The battery performance depends on many factors such as voltage, electrochemical,
temperature, discharge rate etc. One of the most important parameters of the battery
known as state of charge (SOC) is the ratio of battery capacity to the nominal battery
capacity. SOC shows how much energy has been remained in the battery. The nominal
capacity is given by manufacturer and is defined as the maximum capacity that can be

stored to the battery. So, the state of charge can be defined as equation (2.1):

Q(t) _ Remaining Capacity

SOC(t) = Q,  Rated Capacity

@.1)

The equation above is true only at the first cycle of battery life with 100% SOC. The

capacity of battery decreases with time as shown in equation (2.2):

SOC(t) = SOC(0) — % J tI(T) dt (2.2)
0

Where C is the nominal capacity of battery in Farad and I is the cell current in ampere.
Temperature is one of the major factors in battery performance. It affects the storage
capacity and also the internal resistance of the battery. Usually a good battery
temperature range is between 20 and 30 centigrade. Battery life is defined as how long
the battery can be expected to perform under ideal conditions. Each battery has limited

life, which depends on many factors such as size of battery, manufacturer, capacity and



temperature [11, 12]. Even the unused battery discharges gradually over time because of
its self-discharge. Heat is one of the most dangerous factors that make a battery’s life
shorter. Depth of discharge (DOD) is compliment of state of charge of the battery and it
shows how deeply the battery can be discharged. Distracting more energy from a battery
makes the cycle life of battery shorter. Full discharge is not recommended in batteries

because it shortens the battery life [13].

DOD = 1 — SOC (2.3)

Battery operation varies significantly with age. The ratio of maximum charge capacity of
an aged battery to the maximum charge capacity when it is new is defined as state of
health of the battery. In other words, the state of health is the battery’s ability to deliver
power and receive energy. There are two main methods to measure state of health based

on measuring full charge capacity FCC and also measuring internal impedance [14].

2.3 MALTAB Simulink Model of a Single Battery

There are lots of battery models that represent the behavior of the batteries in many
aspects such as battery voltage and current, state of charge and internal resistance .Some

of the various available models for a battery are mentioned in this section [15].

In the generic battery model, the process of charging and discharging is the
combination of nonlinear and exponential behavior of the battery. This model is easy to
use and also can be applied to dynamic simulation software like MATLAB. The generic
battery model can represent different chemical batteries behavior including Lithium-Ion,
Lead Acid, NiCd Cadmium and NiCd Metal Hydrate accurately. This model consists of a

7



controlled voltage source and a resistance in series. The internal resistance does not vary
with the current extracted from battery and is assumed to be constant. Also the effect of
temperature on the battery current, which as described in the Peukert, effect is not
considered. The memory effect and self-discharged are also ignored [16]. This model
describes the behavior of the battery according to the shepherd equation. The nonlinear
term in equation (2.11) indicates that in a fully discharged condition, when the battery
current is almost zero and the battery voltage equals to the constant battery voltage. The
nonlinear term states how the voltage changes by changing the capacity and the battery
current. The equations (2.12) and (2.13) are a modified form of the Shepherd equation
and describe the electrochemical behavior of a battery in terms of its voltage, open circuit
voltage, internal resistance, discharge current and state of charge. The equation (2.12) and
(2.13) refer to the charging and discharging mode. In Figure 2.1, the filtered current and
integration of current are provided through low-pass filter and integration blocks. Figure
2.2 shows inside the subsystem of the generic battery model. This block is built according

to the charge and discharge equations of Lithium-Ion battery.

V,e =E,—R.i— K—2

T i Shepherd equation

Q
Vyie = £ (it,i%,1) = E; — K———.i" — K —.
dis 1 (it 1%, 1) 0 Q—it 1 Q—it

it + A, e(-Bi0

Q Q :
-K A=K .it+ A.e("BiD
01Q+it’ Qo ttAe

Vo = £,(it,i%,1) = E,

V,c: Open circuit voltage (V) i : Battery current (A)

E,: Constant voltage (V) B : Exponential capacity (Ah)'

(2.11)

(2.12)

(2.13)



K: Polarization coefficient (Ohms)
i: Filtered battery current (A)

E;:Terminal voltage of battery (V)

Q : Battery capacity (Ah)

it : Extracted capacity (Ah)

R;: Internal resistance (€2)

Internal Resistance

M

Controlled Voltage Source

8+

Thatt

i

Current Measurement

Vhatt

Integrator
Limited

Echarge

i

First-Order
Filter

Edischarge

Exp

'\_,

it)

Exp/Sel

Sel

Switch

d—— 0 (discharge)
Ql

i(charge)

Figure 2.1: The equivalent modified generic battery model
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10



2.4 MATLAB Simulation of Charging and Discharging Process of a Single Battery

Based on the simulation block shown in Figure 2.3, the charging and discharging
plots can be obtained.The maximum capacity a of Lithium Ion battrey is assumed to be
5.4 Ah and the rated voltage of a Lithium Ion battery is 4.2 volt. ( Qpnax = 5.4 Ah ,
E ate = 4.2 V) Figure 3.3 shows the state of charge, current and voltage of a Lithium Ion
battrey in discharging state . The upper plot indicates the state of charge is depleted from
100% to zero in 2500 seconds and the bottom plot shows the battery is discharged in less

than one hour with 8 A current .

Figure 2.4 shows state of charge, current and voltage of a Lithium-Ion battrey in charging
state. The upper plot indicates the state of charge increases from 0% to 100% in 7000
seconds and the bottom plot shows the battery is charged in almost two hours with 4 A

current .

11
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Chapter 3

Battery Management System with H-Bridge

3.1 Overview of a Battery Management System

The charging process of an individual battery is balanced through a charge
equalization strategy named battery management system (BMS), which refers to a
hardware configuration employed to achieve the required balancing of cells in terms of
state of charge and voltage. Some BMS designs also incorporate a method of
communicating data back to a central interface for the user to see or a computer for
analysis later. Researchers proposed a design for a BMS with a very clear communication
protocol to be transmitted back to a laptop or PC [18]. A general BMS system is
presented by balancing cell voltage through DC-DC converters using a central controller
[19]. The disadvantage of this system is that there is no communication between batteries
and PC or other data logging device to help the user in troubleshooting. Additionally,
there is no indication when battery failure has occurred. Usually, a BMS uses a tiny
microcontroller to control the switching circuitry for generating various connection
configurations. According to the design of the hardware configuration, several charge
equalization strategies were developed which are categorized as passive and active

charge equalization techniques [20].

3.1.1 Battery Management Systems for Lithium-Ion Cells

There are two types of battery management systems that are commonly found in

commercial and industrial lithium battery-based systems. Each type has different benefits

13



that vary among cost, efficiency, and complexity. Battery stacks that are being used today
largely use a passive cell balancing method [21]. The passive system is more basic and it
only operates during the charging cycle of the battery stack. A disadvantage of the
passive system is that the recovered energy is converted into additional losses in shunt
elements [20]. Figure 3.1 shows the passive equalizer with a shunt resistor which is
connected across each cell. The resistor can be shunted by switches and each switch is
controlled by unit control. The wasting of energy effectively leads to overall lower
system efficiency. This method is well suited for systems with small charge current, large

power dissipation resistor, and high current switches rise temperature [21].

A
R Ej Celly1
S; -

1

T
L1 R, Cell#2
Control-Unit — l S

R, Cell#in

Figure 3.1: Charge shunting with a resistor across cells

The passive balancing technique is used in many applications for their simplicity and
lower cost. The active balancing approach is more complex than the passive system. It
has the ability to be far more efficient in charging the cells while taking a shorter amount

of time. A practical case for a 24V(@60Ah battery stack where 6.4 hours and 7.6 were

14



recorded as a charging time with and without using a balancing system and no balancing
system, respectively [23]. In an active balancing BMS, the extra power is used for
charging other cells while in a passive system the resistive, power is wasted as heat. The
switched capacitor approaches and fly-back converter topology are well-known active

techniques that balance the battery cells in many applications [24].

3.2 Battery Management System Design

The major contribution of this thesis is to employ a hardware topology that is
essentially an “Inverted H-Bridge” as a battery management system. Traditionally, H-
bridges have been used to control loads by switches in a given order to provide the load a
positive or negative voltage. Each battery cell has its own inverted H-bridge as shown in
Figure 3.2 each diagonal pair of switches is linked together. So that the control of the
inverted H-bridge only requires 2 control signals. The voltage that appears at input-output
terminals I/O port-A and I/O port-B is either; positive Ve , negative V.o and zero,

where V. is the voltage of the cell.

@ . | ®

I/O Port-A e—m—— Vt"’”l | - s I/OPort-B

® | &

Figure 3.2: The inverted H-Bridge topology with the source

In Figure 3.3 multiple H-bridges are connected in series and a battery pack with a
reconfigurable output voltage is created. As a result, this configuration provides the
ability to generate AC or DC output and also the battery can be charged with an AC or

DC power source.

15



1/0 Port-A 1/0 Port-B

Figure 3.3: Multiple inverted H-bridge circuits connected in series

To generate a desired DC voltage, the cells can be switched in and out at a specified
frequency to generate a time averaged voltage equivalent of the desired DC voltage. A
passive filter may be employed at this point to smooth out the time averaged DC voltage

output.

For implementation of the proposed system we need one master module that is
responsible for controlling the slave modules as shown in Figure 3.4. The slave module
consists of H-bridge converters. The Master Module receives the cell voltage and current
and sends the command signal for controlling the battery stack voltage and protects the
faulted or overvoltage battery cell. The number of slave modules may vary from 1 to N

depends on application and accessible pins number of microcontroller in master module.

Slave Module #1

Slave Module #2

Master
Module

Slave Module #N

INIRINI

Figure 3.4: Block diagram for battery management system
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One of the advantages of the H-bridge converter across each battery is using the Pulse
Width Modulation (PWM) technique to generate accurate output voltage. The PWM
peripheral works by supplying the correct signal to the H-Bridge. In Figure 3.5, different
average output voltages can be adjusted by changing the duty ratio of the control signal.
The frequency of the saw tooth signal is switching frequency which is selected based on
switch type and output filter. Equation (3.1) defines the duty ratio in respect to the pulse
width (t) to pulse period (Ts). For generating PWM signal, the master block sends the
desired voltage signal to the slave blocks. In Figure 3.4, the slave block has two input
ports, one is the control signal or the output of master block and the other one is
triangular signal to generate PWM signal. Figure 3.6 shows PWM generation signal
including the triangular and control waveform. According to equation (3.2) the output

average voltage depends on the control voltage, reference voltage and cell voltage.

i t
. _ PulseWidth _ *
Duty ratio = D = Pulse Period Ts (3.1)

Ve
Vout—average = vvcell (3.2)
r

17
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Figure 3.5: PWM timing diagram
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Figure 3.6: PWM signal generation

3.3 Simulation Results for four Batteries as a Power Source

In this section the simulation package is presented based on proposed battery
management circuit for four batteries which are connected in series. Figure 3.7 shows the

simulation blocks consist of a battery stack with 4 H-bridges and RL load. The master

18



block receives the desired voltage level and sends the control signal to each slave block.
The slave block has two inputs as the control signal and the reference signal with 10 KHz

frequency as shown in Figure 3.6.

Figure 3.7 shows that the master-slave block is used to produce 9 volt. For generating
that level of voltage, two cells completely conduct and one cell produces 1.8 volt by
PWM method and one cell is bypassed. Figure 3.8 shows instantaneous load voltage to
generate an average 9 volt. The voltage ripples can be diminished by using a capacitor

filter. Figure 3.9 shows the total load current from battery cells.
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Figure 3.7: Simulink block for 4 cells battery stack
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The batteries have 40% SOC and supply voltage is 15 volt. There is a 200 uH inductor

between the power supply and battery stack as filter. Figure 3.10 shows the voltage

across all batteries and Figure 3.11 shows the charging current with almost 12 amperes.
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Figure 3.10: Battery voltage
L ) ¥ 1 ) ) ¥ )
[l i i i i i i i i ﬂ
0 0.5 1 1.5 2 25 3 3.5 4 45 5
Time (sec) w103

Figure 3.11: Battery current
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Chapter 4

Battery Stack Power Management for a DC Motor
4.1 Introduction

In this chapter, a practical application of the proposed battery stack is presented. Figure
4.1 shows the block diagram of the entire system of charging and discharging operating
modes. The power grid is connected to a linear transformer. The diode bridge rectifier
provides DC voltage. The buck converter controls the charging rate to the battery stack
with 10 battery cells in series. The separately excited DC motor is employed as a load.
During charging the battery stack, circuit breaker 1 (CB#1) is closed and circuit breaker 2
(CB#2) is open and vice versa is true the when DC motor operates. The complete
controller design for a DC-DC buck converter and speed control of DC motor are
analyzed and discussed through MATLAB simulation. Also, the complete controller

design procedure for speed control of DC motor and buck converter are discussed.

AC Grid Voltage Uncontrolled- DC-DC Buck  Proposed Battery DC-Motor
Rectilier Converler Stack
YL G
14
i) CB#H2
S
~
— iy -
AC 5
—
L J I
5 B
] ) |
Voltage and current Output Voltage e Speed motor Control

control Control

Figure 4.1: The Block diagram of the system under study
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4.2 Battery Stack Charging Process Modeling and Simulation
In a charging state, the grid voltage is stepped down through a transformer. The
purpose of using the transformer is not only to change the voltage level, but also to
provide isolation between power mains for safety reason. The ground for two part of
transformer is different. The Transformer keeps the circuit from unloading constantly; in
the case of a short. An uncontrolled full bridge rectifier is connected to the secondary side
of the transformer to convert AC voltage to DC. Equation 4.1 expresses the output
voltage for the rectifier.
Vo= 2o (4.1)
Where V,, is the peak voltage of secondary part of the transformer. The capacitor voltage
is used to reduce the ripple in output voltage. In equation (4.2) the output capacitor filter

C can be calculated based on peak to peak ripple AV, grid frequency and resistor during

charging state of the batteries.

Vi

Ce =
£7 2fRAV,

(4.2)

In equation (4.3), resistor during the charging state is designed based on the rectifier

output voltage and required load current.

2Vm

R= (T)/IDC—input (4.3)
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The output ripple voltage ripple is assumed to be 5% and load current is 10 ampere.
Based on these assumptions the output voltage capacitance is 2 mF. Figure 4.2 shows

MATLAB Simulink block of the rectifier.

120V = || = Ls

o2 || o
.

L
-

Figure 4.2: Simulink block of AC-DC rectifier
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Figure 4.3: Input and output voltage of rectifier

Figure 4.3 shows the output voltage of rectifier which is 60 volt with less than 5% ripple.

As expected, the ripple voltage frequency is double the fundamental frequency. In Figure
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4.1, the buck converter is used to convert 60 volts DC to the required voltage for batteries

to get charged. This section presents the design of a buck converter to regulate the output

voltage. The design is based on using voltage mode control. This system is expected to

have zero steady state error, fast response and low overshoot.

The design of the battery charger is based on the linear control theory. The main

components of the control loop of the buck converter are error amplifier, pulse width

modulator, power stage and load as shown in figure 4.4. In the feedback control system,

the error between the desired voltage and measured voltage is sent to the PI controller to

provide control voltage which is the input of the comparators block. All parts of the

feedback control system are linearized around a steady state operating DC point [25].

Controller

Reference Voltage

PWM

Control Voltage

Power Stage

and Load

Duty Ratio

Feedback Loop
Gain

Load Voltage

Figure 4.4: Control loop

The disturbance in input voltage or load change leads to variations in the output voltage

.The feedback controller is designed to regulate the output voltage .The circuit shown in

figure 4.5 is properly designed to automatically adjust the duty cycle

reference voltage and output measured voltage.
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Figure 4.5: Buck converter circuit with voltage control feedback

The first step to design the control system is to model the dynamic behavior of the buck
converter. As shown in figure 4.5, the difference between the load voltage and desired
voltage (error) acts on the PI controller to generate the control voltage signal. In PWM
modulator, the control voltage is compared with triangular waveform to generate the

output switching signal.

For designing PI controller, we need a transfer function between the output voltage and
duty ratio. This transfer function can be obtained based on average modeling of the
system. Equation (4.4) represents the transfer function between output control voltage

and duty ratio of buck converter:

Ve(s) _ Vin 1+src
d(s)  LC sz+s(i+f)+i 9
RC L) LC

The inductor and capacitor of the buck converter are designed based on the desired input

current and output voltage ripple, respectively. Table 4.1 shows the buck-converter
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parameters. Based on equation 4.4 and Table 4.1, the control loop can be designed with

MATLAB simulation.

Table 4.1 Buck-converter parameters

L 100 uH
T 0.1
C 50 uF
Vin 60V
Vbattery-stack 40V
R 3.7 0hm

The controller parameters are selected based on bode plot method. Figure 4.6 shows the

open loop block diagram of the control loop which is used to design PI parameters. Then,

open loop frequency responses are used to predict the system behavior in closed loop. For

stability reason, there are two rules that should be considered in bode plot method. The

gain margin of PI controller should be equal to 1 or in worse situation is -3 db and the

phase margin is less than -60 degree.

Error

-@r s

Ly

@ 0.000005s+1
s2+5.4e3s+200e6

WVoltage

Vout / duty-ratio
Transfer function

Figure 4.6: Open-loop simulation block for PI controller design
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Figure 4.7 shows the power stage simulation blocks of rectifier and DC-DC converter and
the battery stack. The load voltage is measured and compared with reference voltage; the
error is passed through a PI controller to produce the control voltage. The control voltage
is compared with 50 kHz triangular waveform to give PWM signal which is applied to

the switch.
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Figure 4.7: Battery charger simulation block
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Figure 4.8 shows the voltage accros the battrey stack. Figure 4.9 shows the battery
current which is almost 5 ampere with small ripples. Current ripple can be determined
based on inductor selection [1]. The acceptable ripple is less than 5 percent and this

design meet the requirment which is 4 percent.

40 I

20 |- .

Vout (Volt)

O 1 | 1
0 0.005 0.01 0.015 0.02

Time (sec)

Figure 4.8: Voltage across the battery stack in charging state

Load current (Amp)
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0 0.005 0.01 0.015 0.02 0.025 0.03
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Figure 4.9: Battery charging current
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4.3 DC Motor Characteristics

DC motors are used where high torque and variable speed is required. They offer a
wide range of speed control from zero to the base speed. The DC motor construction is
based on the interaction of an electromagnetic field in rotor and stator. The stator or fixed
part provides the constant magnetic field. The armature or rotating part is connected to a
DC source through commutator rings. When supplied electric current in a commutator
passes through the coils, an electromagnetic force is induced on it according to the

Lorentz law and the coil starts to rotate.

In this thesis, a separately excited DC motor is selected as a load for the battery stack.
In this motor the field circuit is supplied from separated DC source. Figure 4.9 shows the
block diagram of a typical DC motor. Speed control with armature voltage control
method will be discussed later. A DC motor has two distinct circuits: field circuit and

armature circuit.

Ra La

+A

Armature

Field k Lf
Supply

Va
Supply f R

Figure 4.10: Equivalent circuit of DC motor

Applying KVL in the armature and field loops leads to equation (4.5) and equation (4.6).

Equation (4.7) represents that the induced voltage in armature depends on flux and the
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speed of motor. Also electromagnetic torque in DC motor is obtained from equation 4.8.

Table 4.2 explains the parameter definitions used in the above equations.

di 4.5
vazRaiaJrLad—:‘+ea (4.5)
Vf = Rfif + L % (46)
e, = Kgow 4.7)
Te = Kioiy (4.8)

€a V, — R,y (4.9)
W=D ="
Kep Kep
_ Va _ RqTe (4.10)

(D =
Kip  (Ke@)?

Table 4.2: Parameter definitions

R,: Armature winding resistance (Ohms) | V: Field voltage (V)

Ry: Field winding resistance (Ohms) V,: Armature voltage (V)

e, Electromotive force of armature (V) w: Shaft speed (RPM)

Kp: constant motor voltage (volt-sec/rad) | Te: Electrical torque (Nm)

L,: Armature winding inductance (H) K;: Constant motor torque (Nm/A)

i,: Armature current (A) ir: Field current (A)

According to the equation (4.10), the motor speed can be changed by making any
changes in armature voltage, filed flux or armature resistance. Also, it shows by

increasing the armature voltage the motor speed will be increased and vice versa. In this
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thesis, the “armature voltage technique” is used to control the DC motor speed. In this
method, the resistance of the armature and flux are constant. Laplace transformation can
be used to simplify an electrical system to a model with mathematical equations.

Fallowing equations are Laplace forms of DC motor equations.

V, = R,I, + E, + sL,l, 4.11)
V, —E, = (R, +sLy)l, (4.12)
[ = % (4.13)
Ex = Kgpw (4.14)
Tg = Kroly (4.15)
Tg — T, = (Js + B)w (4.16)

Using the above equations, the dynamic of a DC motor can be modeled. Figure 4.10
shows the dynamic block diagram representation of a DC motor. With this figure, the
transfer function between motor speed and applied voltage can be obtained easily.

| T o

Yog L | W e 7T

T - JS+B

—]
h
Q
U
_I_
L1>.:

| X5 |
Figure 4.11: Block diagram of DC motor

The motor speed is controlled by a feedback system known as a speed control loop and

current control loop. As shown in Figure 4.11, in the outer loop the shaft speed is sensed

and compared with reference speed, the speed controller provides referenced torque. In
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the inner loop, the motor current is measured and converted to actual torque using
constant torque coefficient kt. The torque controller generates the required duty ratio for

the converter. The output of the converter is the proper voltage to control the shaft speed.

Referenced
Torque
+

Referenced
Speed W +

Speed
Controller

Torque
Controller

o) Converter

Measured
Speed Measured

Torque

Current Loop

Speed Loop

Figure 4.12: Block diagram of current and voltage loops

Table 4.3 represents the parameters for a typical DC motor. Based on the DC motor

parameters and Laplace equations, the transfer function of the shaft speed to the motor

voltage can be calculated.
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Table 4.3 DC motor parameters

Armature resistance

R,=20Q

Armature inductance

L, = 5.2 mH

Shaft inertia

Jeq = 152 x 107° kg. m?

Friction coefficient

B=10 x 1076 nm/ . _,

DC-bus voltage Vigc =60V
Torque coefficient Kr=0.1"1m/,

- i = v
Back-EMF coefficient | Kg = 0.1 Y/ 4 ¢
Triangular peak voltage | Vi =5 V
Switching frequency f =33 KHz
Rated speed N =1000 rpm

8 3\
p,D 523.‘15-2 ; ; : O lSZE-E‘i-WE-i
S

Figure 4.13: Linearized open loop model in MATLAB
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Bode Diagram
From: Sum2 To: kt
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Figure 4.14: Bode diagram of current open loop transfer function

Figure 4.13 shows the MATLAB Simulink block of linearized open loop model. The PI
controller design starts from the inner loop. Figure 4.14 shows a bode-plot diagram of
current loop transfer function without PI controller (Kp=1, Ki=0).The bandwidth of the
current loop is one order lower than the switching frequency (33 KHz). So the bandwidth
of current loop is 3.3 KHz. According to the bode diagram, the magnitude of transfer
function is not equal to 1 (0 dB) at 3.3 KHz. The location of K}, and K; can be obtained
from pole zero diagram. Figure 4.14 shows the pole zero diagrams for the current loop. It
shows this system has two poles and one zero in P, = —36.4 P, = —348 Z = —0.0658.

So, the transfer function for current loop G, can be obtained from equation (4.24).

_ K(s+0.0658)
° " (s +36.4)(s + 348)
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Pole-Zero Map

T
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Figure 4.15: Pole zero map of open current loop transfer function

Current PI components are selected to compensate the required magnitude of the current
loop. It means the PI components should be selected in a way that the desired phase
margin and bandwidth can be obtained. For any system the PI controller can be written in

the fallowing equation form:

y
K /() + 1) 425)

Gp = Kp+ — =
PI P S i S

According to equation (4.26) in PI controller the gain margin is expected to be zero db

from very low frequency to the bandwidth.

(s+0.0658) (s/(kk_;i))+1) —1 (4.26)
(s+36.4)(s+348) S
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Open loop frequency response re-plotted with K; = 1 K, = 1/200 in Figure 4.15. The
zero of the PI controller should be between two poles of open loop transfer function (G,).

By choosing K; =1 K, =1/200, the new bode-plot is obtained as shown in figure

4.15. The blue color in figure 4.16 is open loop frequency response.
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Figure 4.16: Bode diagram for K; =1 K, = 1/200
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Bode Diagram
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Figure 4.17: Margin and phase gains for K; = 1 K, = 1/200
For increasing the magnitude of gain in figure 4.16, K; can be changed to get the desired
magnitude in specified frequency. A new bode diagram with updated PI components is
shown in figure 4.16. It shows that magnitude is almost zero at f = 3.3 Khz . With a
transfer function for the torque PI controller, the speed PI controller can be designed. The
same procedure is used to find speed loop PI components. The final value for the
components of torque and speed PI controller are listed as follows:

Torque Control K, = 42 K; = 89000 Pl = 42 + 89000
s

Speed Control K, = 0.042 K; = 0.6 Pl = 0.042 + 0.6
' s
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Based on designed PI parameters, the large signal model for DC motor drive is simulated
in MATLAB as shown in Figure 4.17. The battery stack receives the required voltage
from output of a second PI (Torque controller). The signal generator is the square wave
with the amplitude of 30 volt and 5 Hertz frequency. It is expected that with a good PI
controller design DC motor speed tracks the signal generator voltage. DC motor speed is
compared to this signal and the difference is sent to the PID. The saturation block bounds
the range of an input signal to upper and lower saturation values. The upper and lower
limit is £0.5 volt. The inner PID compares the reference torque with the measured

torque.

_ Bautery Stack

) .
. 1 Te g N I
- )}« PMD | /|4 }— PD J! 2/ |—emaster-voltage N )
v | | S L [~ S FR g B |
Spesd-Fl  Satumtion Torque-Fl Setraton A

Reference Speed ‘ ' B % oz |

Figure 4.18: Simulink block diagram of DC motor drive in large signal

The shaft speed is measured and compared to the reference speed. The reference speed
signal is assumed to be a square signal with 5 KHz frequency and 30 volts amplitude.
The result is shown in Figure 4.18. The response for speed is 0.19 seconds. The output of

speed PI is the referenced torque which is compared to the actual torque and the
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difference acts on the torque PI. The result is shown in Figure 4.19. In this figure, the

yellow line which has more distortion is measured torque and the pink line is reference

signal.
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Figure 4.19: Reference speed and measured speed of shaft signals
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Figure 4.20: Reference torque and measured torque signals
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4.4 Multilevel Cascaded H-bridge for 10 cells Battery Stack Design

Figure 4.20 shows the Simulink block of 10 H-bridges with batteries as DC sources. H-
bridges are connected by batteries with equal voltage of 3.7 volts. For each H-bridge
different combinations of four MOSFET switching states generate three different voltage
levels: +£3.7,0 V. Therefore, 10 batteries in the circuit with 40 MOSFET switches
generate 21 different voltage levels. In Figure 4.25 the green switches and blue switches
works complementary. The load resistance equals to 2 Q and load inductance is 5.2 mH.
The batteries are substituted with a modified generic battery model in Figure 4.21. The
battery is modeled with the modified generic model can be concluded with subsystem in

Figure 4.22.
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Figure 4.21: Battery stacks as variable DC voltage source
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Figure 4.22: Modified battrey models in MATLAB simulink
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Figure 4.23: Multi-level cascaded H bridge converter with generic battery model
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As shown in Figure 4.23, the master block is connected to the slaves and commands the
slaves to generate the determined voltage. The code file is attached in the Appendix [A].
In the code fileY1,Y2,Y3, Y4,Y5,Y6,Y7,Y8,Y9,Y 10 are the outputs of the master block
which is connected to the input of the slave blocks as celll, cell2, cell3, cell4, cells,
cell6, cell7, cell8, cell9, cell10. Also, in code file “U” is the input of master block or the
desired voltage that it is expected the master and slave blocks generate with 10 batteries.
The nominal voltage of each battery is 3.7 V. When the desired voltage is not the
multiple of 3.7 V, some cells should be on to generate the nearest value to the multiple of
3.7 volts and one cell produce the rest of the voltage by the PWM method. The salve
block consists of two inputs as Ul and U2 and four outputs to turn on and off the
switches of each bridge. Ul is connected to the master and U2 is connected to the
triangular frequency generator which provides the triangular signal with 10 KHz
frequency. The switching loss in MOSFET linearly depends on frequency. Higher
frequency means higher loss but fewer voltage ripples. In a typical MOSFET application
frequency range is from 10 to 20 KHz. Figure 4.24 shows the battery stack output voltage
when the desired voltage 1s changed randomly from -22.2 V to +14 V. Since the PWM
method is used for controlling H-bridge switch, the output voltage may have a high

harmonic. Figure 4.25 shows the current that extracts from battery-stack.
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Chapter 5

Conclusion and Future Work

In this thesis, the battery stack with ten battery cells is presented. The battery stack is
used to control the speed of a DC motor. The battery stack was charged from a grid
which converted to DC voltage through an uncontrolled rectifier. Then DC-DC converter
was designed to charge the battery stack. The main benefits of the proposed system are

summarized as:

e The faulted cell can be keep out of the system for maintenance or replacement
without shutting down the output.

e When the battery cell is overcharged, it can be easily bypassed.

e Reducing voltage stress on each cell. In fact in the proposed system each cell in
the H-bridge needs to stand only battery cell voltage. This advantage can be more
essential in electric vehicle application where inverter switches should meet the
battery stack voltage.

e The AC voltage can be obtained by controlling switches to make stair case

voltage to go positive and negative peak voltage.

For future research, the following areas can be investigated:

e Generate AC output voltage for induction motor application.
e Analytical model for electric vehicle applications.

e Add temperature effects of battery cell in battery management system.
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Appendix. A
This Appendix shows the codes file used for simulation in this thesis work.

M-file code for Slave block:

function [yl,v2,vy3,y4] = fcn(ul,u2)
$#codegen

if ul>=0

if (ul-u2)>0 && ul~=0
yl=1;y2=1;y3=0;y4=0;

else
y1=0;y2=1;y3=0;y4=1;

end

else
if (ul-u2)<0
y1=0;vy2=0;y3=1;vy4=1;

else
y1=0;y2=1;y3=0;y4=1;
end

end

end

M-file code for Master block:

function [y1,vy2,y3,y4,y5,v6,y7,y8,y9,y10] = fcn(u)

if u==-37;
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7,;y5=-3.7;y6=-3.7;y7=-3.7;y8==-3.7;y9=-
3.7;y10=-3.7;

elseif u==-33.3;
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=-3.7;y7=-3.7;y8=-3.7;y9=-
3.7; y10=0;

elseif u==-29.6;
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=-3.7;y7=-3.7;y8=-
3.7;,y9=-0;y10=0;

elseif u==-25.9;
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=-3.7;y7=-3.7;y8=-0;y9=-
0;y10=0;

elseif u==-22.2;

yl1=-3.7;y2==-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=-3.7;y7=0;y8=-0; y9=-
0;y10=0;
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elseif u==-18.5;
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=0;y7=0;y8=-0;y9=-
0;y10=0;

elseif u==-14.8;
yl=-3.7;y2=-3.7;y3=-3.7;y4=-3.7;y5=0;y6=0;y7=0;y8=-0;y9=-0;y10=0;

elseif u==-11.1;
yl=-3.7;y2=-3.7;y3=-3.7;y4=0;y5=0;y6=0;y7=0;y8=0;y9=0;y10=0;

elseif u==-7.4;
y1=-3.7;y2=-3.7;y3=0;y4=0;y5=0;y6=0;y7=0;y8=0;y9=0;y10=0;

elseif u==-3.7;
yl1=-3.7;y2=0;y3=0;y4=0;y5=0;y6=0;y7=0;y8=-0;y9=0;y10=0;

elseif floor (u/3.7)==10
y1=3.7;y2=3.7;y3=3.7;y4=3.7;y5=3.7;y6=3.7;y7=3.7;y8=3.7;y9=3.7;

elseif floor (u/3.7)==-10
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=-3.7;y7=-3.7;y8=-

3.7;,y9=-3.7;

ylO0=rem(u,3.7);

elseif floor (u/3.7)==
y1=3.7;y2=3.7;y3=3.7;y4=3.7;y5=3.7;y6=3.7;y7=3.7;y8=3.7;y9=3.7;
yl0=rem(u,3.7);

elseif floor(u/3.7)==-9
yl1=-3.7;y2=-3.7;y3=-3.7;,y4=-3.7,;y5=-3.7;y6=-3.7;y7=-3.7;y8=-
3.7;y10=0;
y9=rem(u,-3.7);

elseif floor (u/3.7)==8

y1=3.7;y2=3.7;y3=3.7;y4=3.7;y5=3.7;y6=3.7;y7=3.7;y8=3.7;y9=rem(u,3.7);
y10=0;

elseif floor (u/3.7)==-8
yl==-3.7;y2==-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=-3.7;y7=-
3.7;y9=0;y8=rem(u,-3.7);
y10=0;

elseif floor (u/3.7)==7

yl1=3.7;y2=3.7;y3=3.7;y4=3.7;y5=3.7;y6=3.7;y7=3.7;y8=rem(u,3.7);y9=0;y10
=0;

elseif floor (u/3.7)==-7
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7;y5=-3.7;y6=-3.7;y8=0;y7=rem (u, -
3.7);vy9=0;
y10=0;
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elseif floor (u/3.7)==

y1=3.7;y2=3.7;y3=3.7;y4=3.7;y5=3.7;y6=3.7;y7=rem(u,3.7);y8=0;v9=0;y10=0

’

elseif floor (u/3.7)==-6
yl1=-3.7;y2=-3.7;y3=-3.7;y4=-3.7,;y5=-3.7;y7=0; y6=rem(u, -
3.7);y8=0;y9=0;y10=0;

elseif floor (u/3.7)==
yl1=3.7;y2=3.7;y3=3.7;y4=3.7;y5=3.7;y6=rem(u,3.7) ;y7=0;y8=0;y9=0;y10=0;

elseif floor (u/3.7)==-5
yl=-3.7;y2=-3.7;y3=-3.7;y4=-3.7,;y6=0; y5=rem(u, -
3.7);y7=0;y8=0;y9=0;v10=0;

elseif floor (u/3.7)==
yl1=3.7;y2=3.7;y3=3.7;y4=3.7;y5=rem(u,3.7) ;y6=0;y7=0;y8=0;y9=0;y10=0;

elseif floor (u/3.7)==-4
yl1=-3.7;y2=-3.7;y3=-3.7,;y5=0; y4=rem(u, -
3.7);y6=0;y7=0;y8=0;y9=0;y10=0;

elseif floor(u/3.7)==
y1=3.7;y2=3.7;y3=3.7;y4=rem(u,3.7);y5=0;y6=0;y7=0;vy8=0;y9=0;y10=0;

elseif floor(u/3.7)==-3
yl1=-3.7;y2=-3.7;y4=0;y3=rem(u,-3.7);
y5=0;y6=0;y7=0;y8=0;y9=0,;y10=0;

elseif floor(u/3.7)==
y1=3.7;y2=3.7;y3=rem(u,3.7);y4=0; y5=0;y6=0;y7=0;y8=0;y9=0,;y10=0;

elseif floor (u/3.7)==-2
yl1=-3.7;y3=0;y2=rem(u,-3.7) ;y4=0;y5=0;y6=0;y7=0;y8=0;vy9=0;y10=0;

elseif floor(u/3.7)==1;
yl=3.7;y2=rem(u,3.7);y3=0;y4=0; y5=0;y6=0;y7=0;y8=0;y9=0,;y10=0;

elseif floor (u/3.7)==-1;
y2=0;yl=rem(u,-3.7),;y3=0;y4=0; y5=0;y6=0;y7=0;y8=0;y9=0;y10=0;
else
y1=0;vy2=0;y3=0;y4=0;y5=0;y6=0;y7=0;y8=0;y9=0;y10=0;
end
end
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