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Chapter 1 Introduction

Introduction

At the department Technological Development, which is a part of AB Volvo,
research about electric and hybrid vehicles is being done. This theses was set

out in 1993 and is part of this research.

1.1 Background

Electric vehicles have the advantage of being zero-emission vehicles, but they
only have a range of approximately 60 km with lead-acid batteries and about
100 km with Ni-Cd batteries. The short range together with a rather low
performance is a serious drawback. The development of high energy batteries is
estimated to give results not until somewhere around the year 2000.

Hybrid vehicles are therefore a solution to the problem with short range, as they
combine an electric motor with an internal combustion engine (ICE) for
propulsion. If the ICE operates only when the electric drive system cannot meet
the vehicle's performance and/or range requirement, then the vehicle has the
same primary advantage as the electric vehicle. That is, it minimizes the use of
liquid fuel, and at the same time meets all the present demands for passenger car

OWNCrs.

1.2 Aim of the project

The main purpose of the work is to solve four criterion's for the hybrid vehicle:
e Minimize the emissions.

e Minimize the fuel consumption.

¢ Increase battery life.

¢ Improve vehicle performance.

This will be used to build up some knowledge of how to optimize a hybrid
vehicle drivetrain' . This means developing a central controller for the vehicle
and implement the four criterion's in the controller. Using a simulation model of
a hybrid vehicle [1], I can compare different solutions to the four criterion's and
find out which gives the best results.

"The parts of the vehicle that creates the tractive force.
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1.3 Outline of the report

Chapter 1 is the introduction to this project.

Chapter 2 is a description of the hybrid vehicle simulation model which I have
used as a base for this project.

In chapter 3 I describe how to reach the goals of minimizing emissions and
energy (e.g. fuel) consumption's for the hybrid vehicle.

In chapter 4 I describe the criterion's 3 and 4, increasing battery life and
improving vehicle performance, and solutions for these.

In chapter 5 I explain the controllers, and how to linearize the system.
Chapter 6 shows the simulation results obtained from using 4 different
conditions, to solve the 4 criterion's.

Chapter 7 is a summary of my work and the achievements and chapter 8 is the

reference list.
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2. Hybrid vehicle simulation model

Driver

Drivecycle
Controller

Genset Battery Motor Vehicle

Figure 2.1 Volvo hybrid vehicle simulation model.

A simulation model is a powerful tool to work with in any design procedure.
The specific model I have been working with [1], is developed at Volvo in a
Matlab/Simulink environment.

The advantage of using block diagram simulation over the traditional higher
level language programming (as C, Modula2 e.t.c.), lies in the much greater
flexibility of model development and subsequent analysis [9]. Substantial
modifications of the model or simulation strategy can be accomplished by
simply substituting the blocks and/or rearranging the diagram.

The block diagram presented in figure 2.1 represents the major components of a
hybrid vehicle schematically. Each block consists of a number of lower level
blocks performing particular functions or calculations.

To get an outline of what the different component contains I will give a brief

explanation.

Drive cycle

The drive cycle consists of a look-up table containing the required drive cycle.
There are two types of drive cycles used, US. FTP 75 as shown in figure 2.2
and US. highway in figure 2.3.
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Figure 2.2 US. FTP 75 drive cycle.
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Figure 2.3 US. highway drive cycle.

Driver

The driver model compares the actual speed of the vehicle with the required
speed from the drive cycle. If there is any difference in speed, the driver will
actuate either the accelerator or the brake.

Controller
The controller model receives various signals from the vehicle, driver, genset,
battery and the motor. The controllers then calculate the required signals to

control the vehicle in an optimized way.

Genset (ICE/generator)

The genset block consists of an internal combustion engine and a generator. The
engine runs the generator, modeled as a separately exited DC machine. The
genset charges the battery on command from controller.

Battery

The battery is modeled as a lead-acid battery. It is being charged by the genset
and discharged by the motor. The controller sets the battery charge current
limits as the regeneration currents from the motor may become too high.
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Motor

The separately exited DC motor is the same motor as the generator in the
genset. The battery is the power supply and the motor can regenerate energy to
the battery as the vehicle is braking.

Vehicle
The vehicle model has an automatic gearbox. The driver gets the vehicle speed
and the motor gets the required torque.

Figure 2.4 show how the series hybrid vehicle drive train is configured.

ENGE ELECTRIC | —{> ELECTRIC J
GENERATOR| *1 [ MOTOR -
BATTERIES

Figure 2.4 Hybrid vehicle drive train.
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Figure 2.5 Inputs and outputs in the hybrid vehicle simulation model.

Figure 2.5 show the outputs and inputs of the controller in the hybrid vehicle
simulation model.

Here follow an explanation of some of the signals in the controller model.

TC speed difference = Torque Converter speed difference (0-1)

Vehicle speed = Vehicle speed (km/h)

Engine speed = Engine speed and Generator speed are the same (0-523 rad/s)
SoC = State of Charge in the Battery (0-100 %)

System voltage = Battery voltage (12020 V)

Demand = Throttle control in the Internal Combustion Engine (0-3.62)
Field current = Separately exited DC-generator field current (0-5 A)

Engine relay = Contactor connection between the armature windings of

the DC-generator, and the poles of the battery (0,1)
Max. charge current = Battery upper charge limit (A)
Accel = Accelerator
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3. Minimizing emissions and energy consumption

Prospects for reducing petroleum use and exhaust emissions presently motivate
all work in hybrids [2], but the success of the hybrid concept is very dependent
of finding the right control strategy. This, and also a method for finding the
appropriate control and measured signals for a controller, will be discussed.

3.1 Strategies

The great advantage for the hybrid vehicle is its variety of operating modes.
This creates a possibility to develop an optimized control strategy for fuel
consumption and emission reduction [3]. Implementation of the strategy in a
controller, for use in the hybrid vehicle, can verify if the chosen strategy is
optimal. Figure 3.1 show how the fuel consumption varies with the ICE's Epeed
and torque.

Fuel{(g/h)

04 -
Engine speed ’ 0.2 Engine torque

Figure 3.1 Fuel consumption in an ordinary internal combustion engine (ICE) depending on

normalized engine speed and torque.

Regenerative braking

By reversing the field current at the propulsion motor while braking/retarding
the vehicle, we can use the energy to charge the batteries. The regenerated
charge current is often quite high (more than 200 A), and a lead acid battery can
not handle such charge currents. Therefor the generator is turned off at these
moments, and current that exceeds the upper limit for the battery is dumped in a
resistor.

The energy saved by regeneration naturally depends on the driving pattern.
During simulated conditions described in Chapter 6.2, the regenerated energy
was 6% of total used energy.
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Genset operation

Infernal combuslion engine (ICE) Generator
Figure 3.2 Genset construction.

While operating the generator, we need to avoid dumping generator current by
turning the generator off during braking [8].

A way to reduce emissions and the fuel consumption at the same time, is to
control the engine load (torque) and speed for a certain current. In order to
control the engine in an optimized way, we have to make a map of how the
current delivered by the generator depend on fuel consumption and emissions

from the ICE.

Nitrogen oxide (g /h)

L R —

04 Engine torque

Engine speed ' 0.2
Figure 3.3 NOx in an ICE as function of normalized engine speed and torque.

This engine mapping [3] is done by keeping the current from the generator
constant, and vary engine speed and torque. This gives us a range for operating
the engine at one specific charge current, and this is the key to control the

genset in an optimized way.
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Carbon oxide (g /h)

04 Engine lorque

Engine speed : 0.2
Figure 3.4 CO in an ICE as function of normalized engine speed and torque.

What we have to do now is to interpret the information of fuel consumption,
figure 3.1, and exhaust emissions, shown in figure 3.3-3.5, for use in the
controller. This is done by finding the operating point (speed-torque) with the
lowest fuel consumption and least emissions, for a specific current.

Hydro carbon (g /h)

888883

10

- o

0.8 0.6

03 Engine torque

0.6
0.4
Engine speed 0.2

Figure 3.5 HC in an ICE as function of normalized speed and torque.

To consider fuel consumption, NOx, HC and CO at the same time in an

optimized way is not possible. A way through this is to weight the four factors

equally, and use this as information for the controller. This is shown in figure
3.6.

10
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Figure 3.6 Weighted fuel consumption and emissions from an ICE, as function of normalized
engine speed and torque. Corresponding generator currents with their optimal operating

points regarding fuel consumption and emissions.

In figure 3.6 we can also see how the charge currents have their lowest points at
the mark in the diagram. This is therefore the optimal operating points for the
charge currents.

By finding optimal operating points for different charge currents through the
entire register of the engine, we can make trajectories for engine torque and
speed.

Penalty ( [Emiss+Fuel] / [A])
100

PO I YR T TR o] [ VR T | —
0 50 100 150 200 250 300
Current (A)

Figure 3.7 Overall optimal charge current diagram.

If we go one step further and plot the optimal operating point penalty values,

devided with the normalized corresponding current we get the overall optimal
charge current diagram, showed in figure 3.7. As we see the currents 60 A and
260 A gives low penalty values. 260 A is not realistic though. The battery will

11
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soon get overheated when charged with this high current for a longer time. 60 A
is better but might not be sufficient if the vehicle is driven on a highway for a

longer time.

3.2 Principles of structuring

Controlling a hybrid vehicle is a large-scale and non-linear control problem,
and ordinary control theory can only handle small well-defined problems. The
controller showed in figure 3.8 deals with several inputs and outputs,
furthermore none of the transfer functions being controlled are linear. At first
sight this seems like a major difficulty, but there is a solution to this problem,
called structuring [4]. Structuring describes the gap between the real problems
and the problems that control theory can handle.

Brakepadal Demand

Accelerator Field current

Driver signals

Genset Control

Engine relay

a TC spoed diff — a
Eb Brake

n V spaad m II
Vehicle params — Gear

Engine spead Controller -'[JQ

j

Vehicle Control Clutch

Gentemp [ PMux

Gensel params

Gen current

C

Max charge current ﬂ
7
Temp

Accel
v o o

. Systom voltage [21lery params

Motor current
Motor temp '

Motor params

j

!

Figure 3.8 Inputs and outputs of the hybrid vehicle controller

Top-down approach

There are two major approaches, called top-down and bottom-up.

The rop-down approach starts with the problem definition. You then divide the
problem into successively smaller pieces, adding more and more details. The
procedure stops when all pieces correspond to well-known problems.

12
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I'have chosen to work with the top-down approach. This involves the selection
of control principles, choice of control variables and measured variables, and

pairing of these variables.
Control principles

A control principle gives a broad indication of how the process should be
controlled. The control principle thus tells how a process should respond to
disturbances and command signals. The establishing of a control principle is the
starting point for a top-down design.

The choice of a control principle is an important issue. A good control principle

can often simplify the control problem.
Choice of control variables

After the control principle has been chosen, the next logical step is to choose
the control variables.

The natural choice is the control variables that have a close relation to the
variables given by the control principle.

Choice of measured variables

The control principle gives the primary choice of the measured variables. If you
can not measure the variables used to express the control principle, it is natural
to choose measured variables that are closely related to these control variables.

Pairing of inputs and outputs

A large system will typically have a large number of inputs and outputs. Even if
a control principle, which involves only a few variables, is found initially, many
variables typically must be considered once the variables that can be
manipulated and measured are introduced. With a top-down approach, a system
should be broken down into small subsystems. It is then desirable to group
different inputs and outputs together, so that a collection of smaller subsystems

is obtained.

13
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Chapter 3 Minimizing emissions and energy consumption

3.3 Structuring the system

Using the top-down approach we start with the problem definition and continues
as described in chapter 3.2.

Table 3.1 show the choices of control principles, control variables and
measured variables. Below follows some explanations of the choices.

Problem definition

This definition is given in the thesis specification as an aim for the control
strategy.

Control principles

Realization of these two control principles will have a major impact on the goal

of reducing fuel consumption and emissions.
Control variables

I.  The control variable demand, operates the throttle in the engine to obtain the
acquired torque.
Field current operates on the generator. It has a major influence on the

genset speed, and I use this for speed control.

II. In the second control principle these two variables are controlled

synchronized.
Measured variables

I. Engine speed is measured for speed control of the genset.

Engine torque is measured for torque control.

II. To know when the regenerative braking operates, the motor current is
measured. It turns negative when the vehicle is retarding, and I use this to
turn the charge current from the generator off.

Measuring battery voltage is necessary to control the field current in an
efficient way.

15
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Paired inputs and outputs

Engine speed N

Motor current Controller Demand

Engine torque| Optimal charging operating pgint

Battery voltagh Avoid transients | _Field current
\ J

Figure 3.9 Inputs and outputs in the controller for minimizing fuel consumption and emissions.

In this case the pairing of inputs and outputs, figure 3.9, comes natural as they
all belong to the same problem definition.

16



Chapter 4 Increasing battery life and improving vehicle performance

4. Increasing battery life and improving vehicle
performance

The lifetime of a battery is partly an environmental question (if not recycled),
but today mostly an economic question. The cost of batteries in a hybrid
vehicle, and especially in an all-electric vehicle, is a great part of the total price.
The vehicle performance is a security matter as the acceleration of the vehicle is

important at overtaking,

4.1 Strategies

The first way to reach the goal of long battery life is by limiting the working
temperature for the battery. Both heat and cold have bad influence on the
battery. The second way is to control the depth of discharge, and the charge
level. Fully charged or discharged the battery will suffer. Keeping SoC between
the right limits will preserve the battery at health.

Battery temperature

For a Ni-Cd battery the temperature limits should be around 10-30 °C, and for a
lead-acid battery around 10-50 °C.

To prevent the battery from overheat, we can either increase the cooling or,
minimize the energy outlet from the battery. Considering the last alternative, we
can have the motor current as reference for the generator. The generator will
now generate the energy for propulsion of the vehicle. In this way we can
control the temperature of the battery.

17
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Figure 4.1 show the power flows in the hybrid vehicle during different
operating modes.

IIGE.H"" : } E El. Motor \ ICE/G H I El. Motor |

——
‘ BATTERY ' Charging BATTERY Braking
—_
‘ e — i EI. Motor I ICEG El. Motor

‘ BATTERY \ Acceleration BATTERY Battery temp. > 30"C
‘ ICE/G I El. Motor \

‘ BATTERY I Discharging

Figure 4.1 Power flows in the hybrid vehicle drivetrain, during different operating modes.

Battery charge limits

Overcharged, a battery will produce explosive gas, and the charge energy will
turn to heat. At the other end, when SoC is close to zero, other unfavorable
things can happen . Continuing to discharge, one or more cells in the battery
may reverse, and this will soon put an end to the life of the battery.

Therefor, the battery should be kept between 90-20% SoC.

18
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Chapter 4 Increasing battery life and improving vehicle performance

4.2 Structuring the system

I use the top-down approach as described in chapter 3.2.
Table 4.1 show the choices of control principles, control variables and
measured variables. Below follows some explanations of the choices.

Problem definition

This definition is given in the thesis specification as an aim for the control

strategy.
Control principles

These four control principles will help us to solve the problem of optimizing

battery life and vehicle performance.
Control variables

I. The three variables demand, field current and armature voltage are
synchronously controlled by a relay which turns the genset on and off at the

two break points .

II. Controlling demand (the throttle) for maximum torque, gives extra power at

current peaks from the propulsion motor.

III. Depending on what battery you use the maximum charge current varies.
Lead-acid batteries also depend on SoC.

IV.Here I use the field current to keep the genset at constantly 500 rad/s, and
demand controls the genser current with propulsion motor current as

reference.
Measured variables
I. SoCis input to a charge relay which decides when to charge the battery.
II. When motor current exceed 100 A, the generator delivers extra power.

III. Measurement of motor and generator charge currents for decision of

dumped currents.

IV.Measuring battery temperature tells us when it passes high limits. Motor

current is reference value, and generator current is feedback value.

20



Chapter 5 Controllers

5. Controllers

There are two common design methods to develop a linear controller [4].
Pole Placement and Linear Quadratic Control.

Using pool placement, we can use state feedback or output feedback and
place the poles of the closed-loop system for desired behavior.

Linear quadratic controllers can handle gaussian disturbances well and uses a
loss function as base for making the controller. The weighting matrixes in the
loss function should come from physical arguments. This is not always the
fact, which then makes it hard to evaluate the controller.

5.1 Linearization

Seen in control theory terms, the genset is a non-linear second order transfer
function. A way to control it is to linearize the system [5], and use a linear
controller. This will work well around the linearization point, but if you want
to control your system far away from this point, the controller might not work

satisfactorily.

[Z] PeldCurrent=u2
BatteryTerminaNoliage®0.8=u3

Fleld

Torque Speed=x2 Constant .
} 4
J l N ! r—»0.8
Demapds= @ L od [7e-45+0.02 . Current=y
$:0.01 Suml “Amature
Product B%EP Sum Gensatnertids EMF Flask Inductance
Torque andFriction]  Constant andResistance
-7.2e-7"uN20.0052" u+0.1 }7
Torque
TorqueCurve Constant

Figure 5.1 Genset in Simulink block symbols.

Figure 5.1 shows the genset in block symbols. To make a linear model of
genset we define the states and inputs.

Current- 0.8 = x
Speed = x,

1 Demand = i,
Field Current = u,

| Battery Terminal Voltage-0.8 =1,
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Variable u, can be seen as an input, but will not be used in this sense.

The non-linear state space equations are now derived directly from the system

shown in figure 5.1.

7x10™ x, = 0022, +0191x,u, — 1,

X2 =—001x, +7.3854 (<7.2x 107 x2 +0.0052x, +0.1) — 0184x,u,

This can be simplified to

X1 =—314x, +2728x,u, — 1428.6u,

: (5.1
x2 ==001x, =53 %107 x;u, +0.0384x,u, +0.738u, —0.184x,u,
I have chosen the linearization point
(%0 =50(A]
x; =265 [rad /]
1%’ =2 [max = 3.62] (5.2)
w =2 [Al
0 =100 [V]

We define the deviation from the linearization point (5.2) as

Ax=x—x°

Ay=y-y°

and the functional matrix as

9% axm|om am am
£ = ox, ox, N ou, Odu, du,
dx, 0x,| |dx, dx, 0x,

[ Ox; 0x, | | ow, du, Ou, |

If we insert the linearization point values in the functional matrix we get

22



Chapter 5 Controllers

K [—31.4 54577 T o 72.2-1031A
= Ax +
*=| 0368 00612/ 105 o2 M (5.3)

Ay=[08 o0]Ax

and with the states and inputs written out we get

ACuirent| =314 5457 1[ACurrent] [ 0 722.10°1 ADemand ]
ASpeed J‘ 0368 00612]] aspeed |T|105 92 || AField Current

[ ACurrent |
[ACurrent] = [08 O]L ASpeed J

(5.4

This is the linearized system in state space form from which we can now get
bode diagrams, root-locus plots and other helpful tools to analyze the system.
The pool-zero map for this system is showed in figure 5.2.

x

Imag

Axis

=30 -25 =20 ~15 =10 -5 0
Real Axis

Figure 5.2 Pool-zero map for system (5.3).

Alternative linearization point

As the Genset is a quite non-linear system, I have chosen an alternative

linearizaton point at

(%0 =125 [A]

x; =500 [rad /]

1%’ =162 [max = 3.62] (5.5)
w =11[A]

Ly =1024 [V]
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Inserting these values in the functional matrix as described above we get

. [—31.43 300.14} [0 136.43-1031A

Ax=| 0202 00436186 23 M

Ay=[08 o0]Ax

This is the state space representation for the new linearization point.
The corresponding pool-zero map is showed in figure 5.3.

Imag 0

Axls

= i
=30 =25 =20 -15 -10 -5 1]
Real Axis

Figure 5.3 Pool-zero map for system (5.6).

(5.6)

24



Chapter 5 Controllers

To get a idea of how the two different linearizations correspond to the real
system, we take a look at the step response for the three systems.

Current (A)
Wp = = = s semRmEmEssmesEsna s s 483

ao -------- - - e - =l = - = b= = = =1
i

&0F - - =+ - - - I e

401

20

Time (s)

Figure 5.4 Step response of the real genset system

Current (A)
o s A A :

130 = = = ¢+ = = = 4 = = = o= = = =l= » = = )

1of - - -

gor -

70

S0

0 2 4 é 8 10
Time (s)

Figure 5.5 Step response of the linearization point (5.2).

Current (A)
e im0 w2 o5 = 0 magsanscans

185 = = =+ = = = 5 = = = =4 = = = =4= = = = '

165F - - - 1 -

W - weqgfecsose

e
0 . . " " J

Time (s)

Figure 5.6 Step response of the linearization point (5.5).
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Comparing the real system step response to linearization point (5.2) show that
the linearization point (5.2) only contains the fast mode of the Genset system,
while the linearization point showed in 5.6 also contains the slow mode.

5.2 PID

I have chosen pole placement design, implemented in a PID-Controller. PID-
Controllers are common in electric motor applications, easy to work with and
satisfy the needs to control a second order system as the genset.

Figure 5.7 shows how the controller is built up. What we want to control is
the charge current I, but I is kept in open loop. The reason for this is that we
need to control the two engine states, speed and torque, in order to obtain
optimal emissions and consumption. A solution with cascade-control is not
possible due to too long time constants, so the charge-current I has to be
controlled indirectly with the trajectories.

We chose Iref by concerning both the overall optimal charge-current (fig 3.7),
and the battery tolerance to heat and charging.

The reference current Iref is then transformed to the ideal torque and speed,
in the two trajectories. This information is obtained from the engine mapping
described in chapter 3.1. The PID-controllers with state feedback are used to

control the two engine states, torque and speed.

( Controller \
: R Tforque
orque eference
Trajectory D Demand
Iref s g PID |
pee ’—D .
| Speed Reference Cﬂﬁlgnf Genset —D
Trajectory " Pl P
2%
\_ J

Speed Torque

Figure 5.7 Principle of State feedback control for genset current.

The two PID-controllers use integration anti-windup and bumpless transfer to
generate the control signals demand and field current.
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To prevent the battery from overheating (discussed in chapter 4.1) we can
make a change in the control mode. From controlling the genset current with

a constant current Iref as reference , shown in figure 5.7, we can use the

motor current as reference current, figure 5.8. With this change in the

references for the controller we can now minimize the energy outlet from the

battery — the car is now driven with the current from the genset— and in

this way prevent the battery from overheating.

4 N\
Controller
Motor Current D PID Demand i
— . I
Field
Speed Reference Genset P
P (500 rad/s) {) o Current D
e J
Speed Current

Figure 5.8 Control mode for limiting battery temperature.
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5.3 Tuning

A PID controller can be described as

1 sT,
=K -Y g YN+ T———— -Y .
U(s) [ Buc ()-Y(s)+ ST W) -Y(N+7 ST,/ N YU . (s) (S))](S 7)
To make the system with PID controllers work well we have to determine
suitable values of the controller parameters. The parameters

areK_,T,,T,,N,T,,B.,y,u . The primary parameters are

min ? umax
¢ Controller gain K,

¢ Integral time T,

i

e Derivative time T,

Maximum derivative gain can be given a fixed default value e.g. N =10. The
tracking time constant can be chosen in the rangeT, < T, > Ti. Parameters
U U, should be chosen inside the saturation limits. Parameters B and y

can position the zeros of the transfer function arbitrarily and are then chosen

max

between 0 and 1. When no positioning of zeros is used, they are chosen § =1
andy =0.

Model based tuning

When we have a mathematical model of the system, the parameters can then

be computed using pool placement [6].

Starting with the PID controller which controls the demand, shown in figure
5.8.

Figure 5.9 show the bode plot for this system, and we can tell that the phase-
margin for the system is about 30 degrees.
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Demand - Current

Frequencyrad/sec)

Figure 5.9 Bode plot for transfer function from demand to current, described in (5.8).

The transfer function for the system, demand to current, can be described as

_ 4540
T 52 +3145+199

Y(s) U(s) (5.8)

at linearization point (5.2).
In algebraic terms we can write this equation as

Y(5)=G,(s)U(s) (5.9)

were G, is the transfer function

b
G =

? s’+a,s+a,

Using the controller (5.7) in a simplified form, and eliminating U (s) between
(5.7) and (5.9) gives

V(=G (K. (B +——+WT)U, (-G, (96, (9 (s)

where

14T, + s’ T,T,
G.(s5)=K, = (5.10)

11

is the controller transfer function hence
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A+G, ()G, ()Y (5)=G,(5)K (B +s—;+ysTd U, (s)

The characteristic equation for the closed loop system is

bK,(1+sT, +s*T,T,)

1+G, (5)G, (s)=1+ 5.11
» ()G, (5) ST(s" +a.5+a,) (5.11)

which can be simplified to

3 ) bK,

s +(a,+bK.T,)s" +(a,bK )s+—=5=0 (5.12)

T

i

The closed loop system is thus of third order. An arbitrary characteristic
polynomial can be obtained by choosing the controller parameters. Specifying
the closed loop characteristic equation as

(s> +2Lws+0*)(s+0m) = 5° + (2L +a)ws® + (1+2{a)w?s+w’e =0 (5.13)

Equating coefficients of equal powers of s in (5.12) and (5.13) gives the

equations

a, +bK T, =2 +a)w
a, +bK, = (1+2¢o )w?
bK,

3
=0
T

Solving these linear equations we get

K = (1+20L )o*—a,
b
2_
4?:: (l+20.§ )gﬂ a, (514)
oW
(@ +28)m-g
4 (14208 Yo* ~a,

We now have the equations to tune the PID. What we need now, is a way to
place the pools of the closed loop system, described in (5.13).
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One way of placing the pools is to arrange them as a Bessel-polynomial of
third order [7]. This might give us a nice step-response for the output current.
Using the Bessel-polynomial and the root-locus plot for pool placement we

get
L =072
w=218
o =091

If we insert these values in (5.14) we get

K, =0146
T, =95x107° (5.15)
T, =22x107

This will give us the step-response shown in figure 5.10.
Current (A)

1)) P e g prrsesmessessisnn :

300

200

AL I D ! :
Rttt TR St |

40 45 50 55 60
Time (s)

Figure 5.10 Step-response of genset current, when the controller is tuned with Bessel

coefficients.

The step response received from the Bessel polynomial is unstable. If we take
a look at the closed-loop pools, figure 5.11, we find that they are well damped
(€ =0.72). But changing the slowest pole in the system from (s+838) to

® =218 is to much, and the system becomes unstable.
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.30+ e i

.--30 .0 200 - <10 ¢ 0
o g . Real-Axis * . '

Figure 5.11 Closed-loop pools for the system (5.8) controlled with parameters (5.15)

obtained from Bessel polynomial.

Taking a look at equation (5.12) will show that it is possible to make a
Bessel-tuned controller as slow as @ = 12.9 rad/s, e.g. 50% faster than the
original system. Trying out the corresponding parameters obtained from
Bessel polynomial still gives an unstable system. The reason for this is that the
linearized system (5.3), is a poor representation of the real genset system.

The alternative linearization point (5.5), lies closer to the real system working
point (speed = 500 rad/s). It also gives a better estimation of the real system
behaviour (slower pools). The transfer function for the system, demand to
current, at the alternative linearization point (5.5) is

_ 4466
T 2 +3145+593

G(s) (5.16)
I have tried several different ways to place the closed loop pools. For a nice

step response we can chose { = 09. This gives us a well damped system,

® = 4will make the closed loop system twice as fast as if no feedback were
used, and finally choosing o0 = 6.85 lets the fast pool remain fast.

These parameters seem to work well.

=09
w=4 (5.17)
o =685
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If we insert these values in equation (5.14) we get

K =345-10"
T, = 0351 (5.18)
T,=208-107

We now have a closed loop system with the transfer function

_00° (1+ BsT; +1s*T,T,)
T (sP+2Lws+ o) (s+ow)

G(s)

As we see the zeros of the transfer function can be placed arbitrarily by
choosing the parameters B andy . If we chose ¥ =0 we can cancel the pole
at § =—0l® by choosing

1
B = a—OJ—T_ =0.104 (5.19)

L

The response to the command signal is thus a pure second order response.
This is showed in figure 5.12.

Current (A)

L i T
400 .............. i |
300F - - - -+~ - - -+ - - - - 4 = - .-
200 - - - - f T T
100f = ===/~ -~~~ 7T--°--1~----13
0 e e
40 45 55 60

50
Time (s)

Figure 5.12 Step-response of the genset current with controller parameters (5.18)
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Taking a look at the closed looped pools for parameters (5.18). Figure 5.13
show the well damped complex poles, and the pool-zero cancellation.

v b
'

= e » ~ . . y ot
~ - » & ]
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Figure 5.13 Closed-loop pools for the system (5.6) controlled with parameters (5.18).

I have chosen the parameters (5.18) and (5.19) for the linearized system (5.6).

This is implemented in the current-controller in figure 5.8.

In the torque-controller, figure 5.7, I have implemented the same parameters

but with a scaling factor of 300 on the input signals torque reference and

torque.
Manual tuning

For the second PID-controller, controlling field current, we have the bode
plot field current-speed, according to the state space representation (5.6).

This is shown in figure 5.14. The phase here starts at 180 degrees (or -180
degrees) and this implies that we must have a positive feedback in order to

control the system.
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Field Current - Speed
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Figure 5.14 Bode plot for transfer function from field current to speed, described in (5.20).

The transfer function for the system, field current to speed, can be described

as

s+123%x10°
s2+3145+593

Y(s)=-23 U(s) (5.20)
If we take a look at how the field current influences the genset current (se
equation (5.4)) we find that a small change in the field current has a major
impact on the dynamics of genset current. To avoid huge transients in output
current [ have limited the reference signal slew-rate to 30 rad/s.

The transfer function for this system, field current to genset current, can be

described as

s—0.09
s +3145+59.3

Y(s)=-109.1x10’ U (s) (5.21)

Another complication is detected when we look at the numerator of (5.21).
The system has a zero on the right hand side of the s-plane (s-0.09), and this

show that it is a non minimum phase system.

I have chosen to place the pools as shown in figure 5.15.
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Figure 5.15 Closed loop pools for the system (5.20) controlled with parameters (5.22).

The poles close to zero give the system a slow behaviour. This is desirable in
order to avoid the large transients that otherwise would appear in the output

current.

The corresponding parameters are

K, =1/800
T, =04 (5.22)
T, =0
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5.4 Stability robustness

The simulation model of the system genset, is a simplification of a real
ICE/generator. The uncertainty of how the system behaves, especially at high
frequencies, can be large. This is caused by unknown behavior of, for example
actuators. Because of this it is important that the control system has built in
robustness. This means that the system should remain stable, even though

reality differs some from the model.
Robustness criteria

A way to find out how large the model uncertainty is allowed to be, can be
stated by the following criteria [5].The complementary sensitivity function is

given by

B G ()G, (s)
T 14G,(9G, ()

0O(s)

were G_(s) is the transfer function of the controller, and G,(s) is the transfer
function for the linearized process. The real system (or process), can be written

as
G(5) =G, (5)(1+AG, (5)

What we have here is a relative model uncertainty atAG ,(s). The question is
how large the model uncertainty AG ,(s) can be before the closed-loop system

becomes unstable. The answer is given by (5.24)

l0Gw)| < (5.24)

1
v
AG, (i)

If (5.24) is valid, the closed-loop system obtained by Gg(s) and G_(s) will be
stable.

Test of stability

First we have to estimate the relative model uncertainty AG ().
I'made the assumption that the real system is twice as slow as the one I have as

model, but with same static gain. This gives us

1107
sE+157s+147

Go(s) = (5.25)
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With this assumption applied on the system , with PID-controller controlling
genset current in figure 5.8, we get

1107 4466
- 2
AG (s)=g2+15.7s+14.7 s*+3145+593 _ —0.755* —79s
’ 4466 2 +157s+147
s*+3145+59.3

The PID-controller can be described as

1+ 5T, + s°T,T,
sT,

G,(s)= KC[

With controller parameters , and system , the complementary sensitivity

function becomes

32s% +154.15+ 439
s> +34.65* +21345+439

Q(s) =

The answer to the question if the system is stable, can now be viewed as a plot,

figure 5.16, of condition (5.24), were the two curves are not to be crossed.
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Figure 5.16 Test of stability robustness for PID-controller, during model error (5.25).

As we se there is no risk of instability for the PID-controller during the model
error (5.25).

Making the same assumptions for the PI-controller in figure 5.7, that the real

system is twice as slow as the one modeled, but with same static gain, we get

—235s—-7011
s*+157s+147

G,(s)= (5.26)

and applied on system , the relative model uncertainty becomes
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20.1-10°s%+2229-10°s-69
235> +28.6-10°s* +444.4-10° +4157 - 10°

AG, ()=

The PI-controller can be described as

1+ 5T,
G,(s)= Kc( T ]

With controller parameters , and system , the complementary sensitivity

function becomes

29.107%s% + 3545+ 884
s?+31452+947s+884

Q(s) =

We can now check stability of the closed-loop by plotting the condition (5.24).

20 T T T T T T T T T TTTITT T T T T 1177
Vo |||||||]/|dGP6W)'|||||| Voo v

Ok—s_- - Tl = = k=1 =1 4 =2 |4

_20_ - 'l -I.'-'l'- - il Y B | l_ll_li_ - L = _I_II_III_
0L 5 S Sdar < T T PIDIConiTallen 1]

soie 3 Sttty 16 8 SN s

1 ) (B NN Y] L 1} LU I NN ) L} t
S80F - v camamiriTim C oy s A PR s e s
L) Al (B LN N i i (DN RN )

10" 10' 10° 10

Figure 5.17 Test of stability robustness for PI-controller, during model error (5.26).

Figure 5.17 show that the PI-controller handles model errors with up to 100%
slower pools in a real system, without losing stability.
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Chapter 6 Results

A comparison between the optimized and a basic controller has been performed.

The basic controller work in the same way as the optimized, but does not have

any of the control strategies implemented. The comparison show that there are

gains to make in fuel consumption and emission reduction, using the developed

optimized controller.

Simulations of four charge cases have been performed. The results are
presented in terms of fuel consumption and emissions. Conclusions from the

results show the optimal operation of the genset.

6.1 Comparison between a basic and optimized controller

To get a view of how the optimized controller works, I have made a comparison

between a basic and optimized controller.

The basic controller does not have an optimized strategy, but simply charge the

battery with a constant charge current through the full drive cycle.

Figure 6.1 show the comparison between the basic and optimized controller,

regarding to emissions and fuel consumption. The test is performed with drive

cycle FTP75, and the battery SoC reach the same final value in both cases, e.i.

the same energy amount is put into the battery.

€O (g/km)

C—=NWANON®OO - o

Opfimized Controller Basic Controller

HC (g/km)

0
Optimized Controller Baslc Controller

Fuel (g/km)

0
Oplimized Controller Basic Confroller

Figure 6.1 Fuel and exhaust emission comparison of optimized control and basic control for

genset. Vehicle is driven on FTP 75 drive cycle and charge current is 63 A.

40



Chapter 6 Results

6.2 Simulation and evaluation of four different charge
conditions

In order to find out how different charge conditions influence the fuel-

consumption and emissions, four cases are simulated. In all cases the drive
cycle is a mix of FTP75 and US: highway.
The different conditions in the four cases are as follows

1.

Genset charge when SoC < 20%, but is turned off when SoC >=90% and
remain off during the discharge cycle. Charge current is 116 A. When
battery temperature reach 55°C, the controller switches to battery overheat
control mode. The controller switch back to normal at battery temperature 50
°C. Figure 6.2.

Genset charge when SoC < 20%, charge current is 116 A, and keep running
after SoC has reached 90%.

The genset is now able to support the battery when battery current > 100 A,
e.i. the car accelerate. When battery current < 100 A, the genset current is at
idle. When battery temperature reach 55°C, the controller switches to battery
overheat control mode. The controller switch back to normal at battery

temperature 50°C. Figure 6.3.

The battery state of charge is kept constant at 50%. Genset is running
through the entire drive cycle. Charge current is self adjusted to the average
motor current’ . Genset supports the battery at battery current > 100 A. When
battery temperature reach 55°C, the controller switches to battery overheat
control mode. The controller switch back to normal at battery temperature 50
°C. Figure 6.4.

This is the same as case 2, but here we assume that we have a Ni-Cd battery
instead of a lead-acid. When battery temperature reach 30°C, the controller
switches to battery overheat control mode. The controller switch back to

normal at battery temperature 28°C. Figure 6.5.

' The motor current is filtered through a low-pass filter. This is the reference to a PI-controller

which output is the reference charge current Iref.
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1 Battery State of Charge 50 Battery Temperature
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Figure 6.2 Simulation of case 1, battery is charged to 90 % and then discharged down to 20
%. This is repeated through the entire drivcycle. The temperature reach the limit at 55 ° C and

battery overheat mode is turned on, but release at 50 ° C.
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Figure 6.3 Simulation of case 2, battery is charged 10 90 % and then discharged down to 20 %
but with assistance from generator at acceleration. The temperature reach the limit at 55 ° C

and battery overheat mode is turned on, but release at 50 ° C.
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Figure 6.4 Simulation of case 3, battery SoC is kept constant and the temperature never reach

the upper temperature limit at 55 ° C.
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Figure 6.5 Simulation of case 4, battery is charged to 90 % and then discharged down to 20 %
but with assistance from generator at acceleration. The temperature reach the limit at 30 ° C

and battery overheat mode is turned on, but release at 28 ° C.

The simulation results from above are presented in table 6.1, in terms of fuel-

consumption and emissions.

Table 6.1 Fuel-consumption and emission results from simulations of case 1-4.

g/km Case 1 Case 2 Case 3 Case 4
NOx 0.95 1.56 0.52 1.28
HC 0.32 0.37 0.32 0.35
CO 5.39 6.94 4.14 6.50
Fuel 17.8 21.0 15.1 20.0

As we see from table 6.1, case number 3 is the overall winner in this test. The
reason for this is that it manages to keep the battery temperature within the
limits, without switching to the uneconomic battery overheat mode in the
controller. In this mode the optimal trajectories can not be followed, and

therefore the fuel and emission values get high.

If we compare case 1 and case 2 we notice something interesting. The
difference between the two was that in case 1, the genset was turned off during
the discharge cycle, but in case 2 it was kept running to complement the battery
at vehicle acceleration. From table 1 we see that the gain in better acceleration

cost quite a lot in fuel-consumption and emissions.

Case 4 sets the battery temperature limit to 30°C which suites the Ni-Cd battery.
As we see the fuel and emission values are not in parity with case 3. This is due
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to that battery temperature limit is reached very often, and controller overheat

mode is switched in.

It is interesting to compare the results from simulations to California emission
limits [10], table 6.2. The following classifications exists

e Transitional Low Emission Vehicles (TLEV)
e Low Emission Vehicles (LEV)

o Ultra Low Emission Vehicles (ULEV)

e Zero Emission Vehicles (ZEV)

Table 6.2 California Legislation new emission limits.

g/km TLEV LEV ULEV ZEV
NOx 0.64 0.32 0.32 0
HC 0.24 0.24 0.12 0
CO 545 5.45 2.72 0

Comparing case 3 to (TLEV) show that the Hydro Carbon values are to high.
This can easily be compensated for, by adjusting the weighting for Hydro
Carbon in the weighting matrix. The values for Carbon Oxides ,Nitrogen Oxide
and fuel-consumption may then become a little higher, but by iteration the
weighting can be fitted to the emission limits.

We can also change components in the vehicle model and/or define new
strategies in the controller to adjust the emission values.
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7. Summary

7.1 Conclusions

For optimal fuel-consumption and emissions, we chose the genset charge
current in figure 3.7 that gives the lowest fuel and emission values.

As the optimal charge currents tend to be found at high values, we must chose a
battery not sensitive to high temperature and/or that have a high heat capacity.
If we don't have access to such a battery, the charge method used in case 3 will
give the best results.

Using the information above the hybrid vehicle should be equipped with a
temperature resistant battery, charged with the overall optimal charge current,
and controlled with the optimal strategies described in chapter 3 and 4.

7.2 Suggestions for future development

The hybrid vehicle simulation model can be further improved by changing
some general parameters to more specific, for example in the battery.

The models of the motor and the generator can also be improved. This means
implementation of the full dynamics for a separately magnetized DC-motor.
Also the IC-engine model can be improved regarding to the torque-curve

characteristics.

The genset mapping, described in appendix A, can be made automatically. This
means writing a Matlab program that operates the engine through its entire
register, and collects the corresponding charge currents. The program can then
also calculate the torque and speed-trajectories for minimal emissions and fuel

consumption.
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Appendix

Appendix
A. Genset mapping

The genset mapping is done by running the IC-engine through its entire torque and
speed-register collecting the corresponding charge currents.

The weighted values of emission, fuel consumption can be seen as a penalty
function, and then the different speed and torque's have corresponding penalty
values.

Comparing the charge current and penalty values gives an optimal speed-torque
for every charge current.

Below follows a listing of collected data used for making the speed and torque-

trajectories.

Table A.1 Corresponding values Table A.2 Corresponding values for
Jfor genset current=20 A genset current=40A

Speed Torque Penalty Speed Torque Penalty
rad/s Nm % rad/s Nm %

523 9.8 220 523 14.5 26.3
500 9.8 213 500 14.7 25.6
450 9.8 19.3 450 15.3 24.4
400 10.0 16.7 400 16.1 224
350 10.4 12.9 350 174 18.5
300 11.1 10.0 300 192 15.6
250 12.1 9.4 250 219 16.0
200 14.0 9.1 200 26.3 16.9
150 17.6 9.5
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Table A.3 Corresponding values Table A.4 Corresponding values for
for genset current=60 A genset current=80A

Speed Torque Penalty Speed Torque Penalty
rad/s Nm % rad/s Nm %

523 19.2 34.0 523 24.0 42.0
500 19.6 33.7 500 24.6 41.8
450 20.8 33.0 450 26.3 41.6
400 22.3 31.1 400 28.6 39.9
350 244 26.2 350 31.6 35.1
300 274 22.6 300 35.7 32.1
250 31.8 24.1

Table A.5 Corresponding values Table A.6 Corresponding values for
for genset current=100 A genset current=120A

Speed Torque Penalty Speed Torque Penalty
rad/s Nm % rad/s Nm %

523 28.8 50.0 523 33.7 59.1
500 29.7 50.3 500 34.8 59.8
450 31.9 50.9 450 37.6 60.5
400 34.9 49.6 400 41.2 59.4
350 38.8 449 350 46.1 52.7
315 420 422
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Table A.7 Corresponding values Table A.8 Corresponding values for
for genset current=140 A genset current=160 A

Speed Torque Penalty Speed Torque Penalty
rad/s Nm % rad/s Nm %

523 38.7 69.1 523 43.6 78.3

500 39.9 69.3 500 45.1 78.0

450 433 69.7 450 491 77.5

400 477 66.9 400 53.2 74.2

375 50.4 63.0

Table A.9 Corresponding values Table A.10 Corresponding values for
Jor genset current=180 A genset current=200 A

Speed Torque | Penalty Speed Torque | Penalty
rad/s Nm % rad/s Nm %

523 48.7 86.4 523 53.7 94.8

500 50.4 86.2 500 55.7 94.4

450 55.0 854 450 60.3 87.2
415 56.7 81.2
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B. Components used in simulation

In the Volvo hybrid vehicle simulation model the following components with

corresponding data are used.

Battery

Table B.1 Battery characteristics.

Battery Max, Fully Max. Thermal Heat Capacity Open Fully charged
type capacity | charged | discharge | resistance | capacity | temperature | circuit battery internal
voltage current coefficient voltage | resistans

ALCO 2200 | Ah A\ A °C/W IK 1/°C \% mW
lead-Acid 150 120 400 0.2 40000 0.0001 126.7 24.7
Controller
Table B.2 Controller, battery parameters.
Upper Lower State of charge | State of charge | Max. charge | Charge
temp limit | temp limit | upper limit lower limit current current
°C °C %o %o A A
30 27 90 20 140 116
Table B.3 Controller, field controller parameters.
Galn Kc Integration | Derivative | Beta Derlivative Low limit High limit

time Ti time Td divisor saturation saturation

t t
1/800 04 0 1 10 ] 5
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Table B.4 Controller, demand controller parameters.

Gain Kc Integration | Derivative | Beta Derivative | Low limit High limit
time Ti time Td divisor saturation saturation
t t

0.0345 0.351 0.0208 0.104 10 0 3.63

Genset

Table B.5 Genset characteristics.

Inertia Friction Max. speed

2
kgm Nmes/rad rad/s
1 0.01 523

Table B.6 Internal Combustion Engine (ICE) characteristics.

Max. Torque Bore Stroke Number of cylinders
Nm mm mm
70 81.0 90.0 2
Table B.7 Generator characteristics.
Torque EMF Field Internal Inductance Thermal Heat
constant constant constant resistance resistance capacity
Nm/A V/rps Wb/A Q H °C/W JK

-6
0.184 0.191 1.0 0.022 7-10 0.12 1350




Appendix

Motor

Table B.8 DC-motor characteristics.

Motor | EMF Torque | Field Armature | Armature Thermal | Motor heat

constant | constant | constant | resistance | inductance | resistance | capacity

Unique | Vsfrad | Nm/A | woa | 0 u /W K
DRI56 | 0.191 | 0184 |1 0.022 7.1070 0.12 1350
Vehicle

Table B.9 Vehicle A parameters.

Vehicle | Max. brake Rolling Drag Air Tire rolling | Road
mass force resistance | coefficient | density radius gradient
Kg N N/Kg Co Kg/m*> |m %

1134 500 0.005 0.38 1.2 0.2 0

Table B.10 Vehicle A gearbox.

Ist 2nd 3rd Final drive
Gear ratio 2.7 1.5 1 3.8
Gear efficiency 0.96 0.97 0.98 0.95
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Vehicle | Max. brake | Rolling Drag Air Tire rolling | Road
mass force resistance | coefficient | density radius gradient
Kg N N/Kg Co Kg/m?> |[m %
1588 500 0.005 0.5 1.2 0.2 0
Table B.12 Vehicle B gearbox.
1st 2nd 3rd Final drive
Gear ratio 2.7 1.5 1 3.8
Gear efficiency 0.96 0.97 0.98 0.95
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