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Abstract

With the necessity of the world to reduce the CO2 emission on the atmosphere, all the
countries are creating policies to achieve low emissions. In the EU, after 2020, all the cars pro-
duced with emissions more than 95g/km, the manufacturer will have to pay 95 for each gram
above this limit, so this is an important issue for the company.

In GM Hybrids department is being developed this project to help the vehicle to emit less
CO2 in the atmosphere by charging the battery based on the efficiency of the generator, charging
the battery when the efficiency is high to compensate it when the efficiency is low. But to have
this efficiency, it is necessary to have the current and the temperature of the generator, which
are not present on the CAN bus of the vehicle, so this two signals must be estimated without any
extra sensors.

And this project describes estimation of one of this needed signals for the efficiency, the
generator temperature: sensor calibrations, measurement plans, executed tests, results taken
from the measurements, conclusions about the major influences involved on the generator tem-
perature, the model done in MATLAB/Simulink from the results taken and the perspectives for
the continuation of the project.

For the estimation of the temperature was defined 6 major influences on the generator
inside temperature but in this project only 3 had enough time to be tested, analysed and added
to the model, so the project could not have an accurate conclusion as desired. But even with
more tests to be done and added in the model, could show some good results in some intervals
of measurement and provide conclusions and discoveries about the signals and the car that was
not known before. So this was a good step for the desired estimation of the temperature and
consequently for the efficiency dependent way of charging.
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Capitulo1: Introduction

In order to reduce the CO2 emission, it is desirable to develop an efficiency dependent
way of charging the battery, which is dependent to the efficiency of the generator. And to make
this possible, it is necessary to have mainly 2 major influences on the generator to determine its

efficiency: inside temperature and current.

But the problem is, that the CAN bus of the car doesn’t provide those signals in it, so it
would be necessary to estimate them to perform this function. And besides that, it has another is-
sue: this estimation must be done just with the signals already present on the car(engine coolant
temperature, engine speed, outside air temperature, diesel particulate filter, vehicle speed, etc)

without any extra sensors to be installed on the assembly line to avoid extra costs of production.

So the project was divided in 2 major parts: the generator inside temperature estimation
and the generator current estimation. And here it will be discussed just the temperature estima-

tion of the generator.

After these estimations are done and validated, it will be possible to develop an algorithm
to make the efficiency dependent way of charging the battery to be used on the car and this
way achieve the biggest goal desired after all: reduce CO2 emission to help the company to
accomplish the goal of not emitting more than 95 grams of CO2 in the MVEG test after 2020,
because each gram more than that will be punished by 95 euros. So this is an important issue

for the company to be developed .



Capitulo2: Project description

To estimate the inside temperature of the generator, it was used in this project an OPEL

Astra GTC 1.7 diesel for the tests and validation, as we can see in Figure 2.1:

Figure 2.1: OPEL Astra GTC 1.7 Diesel

In Figure 2.2, we can see in green color, all the signals we have on CAN bus that makes
influence on the generator temperature. All these signals, considered major influences for this
estimation, will be tested to observe how each one contributes for the final estimation of the

inside temperature of the generator.

EnginecoohE

temperature Outside air
‘ temperature ‘
‘ Generator
speed
Airflow
ﬁ influence
LSRR AT ELIETREE S

GENERATOR PN

| Generator
current

Figure 2.2: Major influences on generator inside temperature



So for this system, we consider 6 subsystem for the temperature estimation:

ENGINE COOLANT TEMPERATURE: signal that corresponds to the temperature of the
fluid that cools down the engine and because of the proximity of the generator and the
engine as we can see on Figure 2.2 it is considered a major influence. Interdependency
with the major influences: Engine coolant temperature = function(airflow influence, outside

air temperature, generator speed)

GENERATOR CURRENT: the generator is responsible to charge the battery and also
supply the car loads in some cases. This way the current inside it is always changing and
this variation is also considered a major influence on the temperature of the generator.

Interdependency with the major influences: Generator current = function(airflow)

GENERATOR SPEED: the speed of the generator is around 2,6 times the speed of the
engine. As higher the speed, as higher is expected to be the generator temperature, so it

is also a major influence. Interdependency with the major influences: none

OUTSIDE AIR TEMPERATURE: if the car is in an environment with 40°C or -5°C the
temperature of the generator is expected to change differently, and for this reason we will
observe it as a major influence for the temperature estimation.Interdependency with the

major influences: none

AIRLFLOW INFLUENCE: the engine fan speed combined with the vehicle speed, pro-
duces an airflow through the hood of the car and it cools down the temperature of the
generator, so it will also be tested as a major influence. Interdependency with the major

influences: Airflow influence = function(generator speed, engine coolant temperature)

DIESEL PARTICULATE FILTER(DPF) TEMPERATURE: as we can see in Figure 2.2, the
DPF is close to the generator and when it burns the diesel particles, it produces very high
temperature around it and for this reason is considered a major influence. Interdepen-

dency with the major influences: none



The table shown on Figure 2.3 shows better these interdependency:

VARIABLE: EFFECTS:
A Airflow influence: W Coolant temperature M Generator current
A Generator speed: /A Coolant temperature A airflow influence
AOutside air temperature: | 4 Coolant temperature
A Coolant temperature: A Airflow influence
01\ Generator current: none
A DPF tem perature: none

Figure 2.3: Interdependency between the major influence signals

Figure 2.4 can show the idea of the algorithm expected: with the planned tests, it will be
developed the transfer functions(TF) on the frequence domain of each subsystem(coolant tem-
perature, generator current, generator speed, outside air temperature, airflow influence, Diesel
Particulate Filter temperature), which will simulate the influence of each signal in the final esti-
mation of the generator temperature. This way, putting in the input of this transfer functions the
corresponding major influence signal and summing all of the outputs of these transfer functions,

we will obtain the desired temperature estimation.

Coolant temperature

TE "~ Estimate the confribution
of each major influence on
the generator inside

k4

(]
e |
g Generator current N -
; \ Generator inside
S Generator speed temperature estimation
(T > TF + >
o
=
E Outside air temperature /
5 > TF
5
% Airflow influence
= > TF

DPF temperature

> TF

Figure 2.4: Expected model for the temperature estimation

So the goal of this project is to develop the tests for all the major influences signals to
model the behavior of each one to obtain the contribution of them for the desired generator inside

temperature.



The first approach for this problem will be doing the modeling with the step response test,
trying a linear solution which is more pratical and simple. The idea is to model the system in
many different points of operation and have a different transfer function for each interval. This
idea intends to minimize the possible non linearities or differences on the dynamics of the system
in the whole range of measurement of the signals. If this solution is not accurate enough, another

techniques will be applied such as for multivariable or non-linear systems.



Capitulo3: Data Acquisition

3.1: Hardware
3.1.1: dSPACE Box

To measure and control the data in this project, an embedded controller is used on the
car called dSPACE MicroAutoBox Il 1401/1501, which is a real-time system for performing fast
function prototyping in fullpass and bypass scenarios. It operates without user intervention and
it is capable to run MATLAB/Simulink compiled models to perform the algorithms to read the

signals from High Speed CAN bus and calculate the desired results for the project.

3.1.2: Temperature sensor

Two LM35-DZ analog temperature sensors were used to measure the temperature of the
generator: one inside and one outside. The data from the inside temperature sensor was used
to do the model and the validation of the generator’s temperature estimation and the outside
temperature sensor was used to observe the influence of the environment on the generator

temperature.

3.1.2.1: Description

The LMB35 series are precision integrated-circuit temperature sensors, whose output volt-
age is linearly proportional to the Celsius (Centigrade) temperature. The LM35 thus has an
advantage over linear temperature sensors calibrated in © Kelvin, as the user is not required to
subtract a large constant voltage from its output to obtain convenient Centigrade scaling.

It does not require any external calibration or trimming to provide typical accuracies of 0.25°C at
room temperature and 0.75°C over a full -55 to +150°C temperature range. Low cost is assured
by trimming and calibration at the wafer level. lts low output impedance, linear output, and pre-
cise inherent calibration make interfacing to readout or control circuitry especially easy. It can be
used with single power supplies, or with plus and minus supplies. As it draws only 60 uA from its
supply, it has very low self-heating, less than 0.1°C in still air. The LM35 is rated to operate over

a -55° to +150°C temperature range and has the following features:

e Calibrated directly in ° Celsius (Centigrade);



e Linear + 10.0 mV/°C scale factor;

e 0.5°C accuracy guaranteeable (at +25°C);
e Rated for full -55° to +150°C range;

e Suitable for remote applications;

e Low cost due to wafer-level trimming;

e Operates from 4 to 30 volts;

e Less than 60 uA current drain;

e Low self-heating, 0.08°C in still air;

e Nonlinearity only 0.25°C typical;

e Low impedance output, 0.1 W for 1 mA load

3.1.2.2: Calibration

+Vs

LM35 Vout

R1

—Vs
DS005516-4
Choose R = =Vg/50 pA
V out=+1,500 mV at +150°C
= +250 mV at +25°C
= -550 mV at -55°C

Figure 3.1: Full Range Centigrade Temperature Sensor

On the Vs wire, it was used the 5V power supply from dSPACE, so our chosen R1 re-

sistor was of 100kQ2. This way, the Vout wire, shown on the figure 3.1, with our temperature

measurement was connected on dSPACE analog input as shown on the picture 3.2:



Pinout

The following illustration shows the pin numbering of the I/O connector (rear view of
MicroAutoBox):

) o= 3
) . )

@ c ba ZvEWYUTSEREF MM LEJHGFEDGCECESA @

T bi—

T Ed b —

Figure 3.2: dSPACE pins connected with the temperature sensors

The connections made on the dSPACE box for the temperature sensors are related on

the picture 3.2 this way:
e Power supply: red dot on the picture, connected at the VSENS pin in the position E2 of
dSPACE box.

e Ground: black dot on the picture, connected on the GND pin in the position V2 of dSPACE

box.

e Inside temperature sensor: green dot on the picture, connected on the ’ADC Type 1 Con
4 Ch4’ of dSPACE box.

e Outside temperature sensor: blue dot on the picture, connected on the ’ADC Type 1 Con
3 Ch4’ of dSPACE box.

3.1.3: Current sensor

To measure the generator current to be used on the tests and the validation of the gen-

erator’s temperature estimation, a CANshunt current sensor was used.

3.1.3.1: Description

This sensor measures currents of up to 750A with a resolution of 3 mA and has the

following features:

High-speed CAN interface;

CAN-capable shunt;

Current measurement range: -750 Ato +750 A;

Automotive measuring ranges: 70 A, 150 A and 750 A;



e Resolution: 1 mA in 70 A range, 2 mA in150 A range, and 10 mA in 750 A range;

e \oltage measuring range: 6 to 20 V;

e Compensation for thermoelectric voltages;

e Current measurement accuracy: 0.5% of the measured value;

e Temperature range: -40 to +85 °C;
e Supply voltage: +4 to +36 V;

e Case (L/W/H): 94 x 39 x 49 mm;

e Weight: approx. 500 g;

e Enclosure rated IP65;

3.1.3.2: Calibration

10

This sensor is attached on the generator cable that supplies current for the battery as

shown in the picture below:

Reference voltage metering
(Black cable)

Vehicle Network

Consumer

lead

[1

Battery

Logger
Supply

I T

CANshunt

3.1 Connection for the CANlog 3/4 or ISCan Il data logger

The connection for the CANlog 3/4 or ISCan |l data logger is as follows:

| Pin__| Colour | _ Meaning |
1to013 not used
14 white +4 — 36 Ve
15 yellow  CAN_H
16 areen CAN_L
17 to 21 not used
22 brown GND
2310 25 not used

25-pin D-sub male connector

Figure 3.3: CANshunt current sensor connection
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With the CANshunt configuration CD in the windows shown in the picture 3.4, the signal
from the sensor was configured in Modus 5 to send the data to the High Speed CAN bus on the
identifier 0x23. This way it was possible to get this signal from MATLAB/dSPACE software to use

on the tests and validation of the temperature estimation.

— Warzion info
Verzione 1,14 [a]3 | Cancel |
— Corfiguration
Mode: Made 2 I5CanC] = Create CANdD
Mode 2 1SCanc] |
Meazurement
Fangs: I.i:lul.tudnge vl Send nienval: I 100 ez -
Can
Timing II:bﬂ:l'I“lIB 500,00 kbit/z, BBTL, T5%, S0w=2, SAM=1
Cartiol message

¥ Ematled I E&t frame Ideritifies: |M1:l:|
et age with the cutient and vollage iesdng:

¥ Emnatled [T &t frzme It IM[']
ezt age with the chaige meber araigy

I Ematbled [T Est frame Idenitier: I

M ezzage with the dischaige mele anegy

™ Enasled I~ Est frame Identies: I

I~ Meszage with the chaige metar chaige
¥ Erabied I” Est frame |t |Eb:'|l:l'l

- Meszage with the discharge mater chaips
F Eratled I Bt frome Idertfer: 0102

- Message with the sanial numbar and R wesion
FF Ernatled I~ Ex freme ldertifes:  |O103

Figure 3.4: CANshunt configuration window
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3.2: Software

3.2.1: dSPACE

This interface on dSPACE was developed to read the signals from the High Speed and
Low Speed CAN bus and show it on this screen shown below for recording and analysis of the
data:

Figure 3.5: dSPACE signals interface

o Temperature Estimation Box:

The signals in this place are taken from the CAN bus but after the calculation on the
MATLAB/Simulink model. In the first column the different approaches of major influ-
ence(coolant and current) in the temperature estimation are shown, which will be better
detailed in the next chapter. The second column, in green color, is the final temperature
estimation calculated on the model and the third column is the error, which is the differ-
ence between the current generator inside temperature and the estimation calculated on

the model. Each line on this box corresponds to a different approach of estimation.



13

e Generator Box:

The signals in this place are taken directly from the CAN bus and are shown below:

Generator Inside Temperature(1st line, 1st column): temperature sensor placed in-

side the generator.

Generator Outside Temperature(1st line, 2nd column): temperature sensor placed

outside the generator.

Generator Current - Sensor(2nd line, 1st column): current sensor placed on the

generator power supply.

Generator Current - Model(2nd line, 2nd column): current estimated on the model

made in another project.
Generator Speed(3rd line, 1st column);

Generator Voltage - Sensor(3rd line, 2nd column): voltage taken from the current

sSensor.

e Engine Box:

The signals in this place are taken directly from the CAN bus and are shown below:

Engine Speed;
Engine Coolant Temperature;
Engine Intake Air Temperature;

Engine Fan Speed;

e Others Box:

The signals in this place are taken directly from the CAN bus and are shown below:

Outside Air Temperature;
Vehicle Speed;
DPF Temperature;

Initial Temperature Estimation: initial condition of the generator to put and be used
on the temperature estimation, because it was not possible until now to guess this

initial condition in different real cases.
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3.2.2: MATLAB/Simulink

This software take the signals from the CAN bus of the car, process them accordingly to
the model logic and send the calculated signals back to the CAN bus, this way dSPACE is able

to use this signals for the measurements.

The pictures 3.6, 3.7 and 3.8 show the blocks of the model responsible to get the signals
from the sensors and the CAN bus to be used on the MATLAB/Simulink model. The other sig-
nals, those calculated, will be shown and explained on the next chapter to detail the temperature

estimation model.

The figure 3.6 shows the blocks that takes all the signals from the CAN bus that are used
on the algorithm: IBS Data, High Speed CAN Data, Low Speed CAN Data and ECM Data:

IBS_Data

ParselB5|_BatteryData

HS_CAN_Data

HS_CAN_Data

ParseCAMNR_HighSpeedMsgs

L5 _GAN_Data

LS_CAM_Data

ParseCANR_LowSpeedMsgs

ECM_Data

ECM_Data

ParseCANR_ECM

Figure 3.6: CAN bus signals



15

The figure 3.7 shows the block that receive the data from the current sensor, pass through
a system that takes the last 100 values of measurement and gives out the average(because the
oscillation of the values are very high) and divide this value by 1000 to give the value of the

current in Amperes and the voltage in Volts:

1000 ——

Constant19

Yy
A€ X
¥
(]

Gen_Cumr_Sensor[Amp)

Gen Com Sens
e, Gen_Outside_Temp_Estimationi

Gen_Volt_Sensor
I Ourt1 P o
| srate | o 5
T Gen_Volt_Sensor(Volt) =

Generator_Cument_Sensor
Group |d: RTICANZ Dividel
Gen_Qutside_Temp_Estimation2 e

Divide

1000

Constantt

Figure 3.7: Current sensor signals

The figure 3.8 shows the block of the algorithm that does the same thing as described for

the current sensor signal, but in this case it gives the value of measurement of the inside and of

the outside temperature of the generator:

In10ut1 =
o s gen_outside_temp P‘E

Gen_Outside_Temp_Estimation

ADC_TYPE1_M1_CON15

gen_inside_temp

B In 1 Ourt

ADC_TYPE1_M1_COMN1
Gen_|Inside_Temp_Estimation1

Figure 3.8: Temperature sensor signals
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Capitulo4: Temperature Estimation

In this chapter will be shown all the steps planned, executed and still needed to do the

estimation of the generator temperature.

4.1: Measurement plan
4.1.1: Purpose

This procedure intends to obtain indirectly the generator’s temperature, in other words,
to have the temperature of the generator without any extra sensor installed on the car. This
estimation will consider all the major influences on the generator’s temperature to create a logic

to obtain an accurate generator’s temperature estimation.

4.1.2: Strategy

1 - Measure the generator’s temperature directly with sensors(LM35DZ) via dSPACE and

use it as reference.

2 - Measure one major influence(shown below) per time and make all the others constant

to see how each one affects the generator’s temperature(create graphic, table or algorithm).

3 - Compare and establish a relation between each major influence and the generator’s

temperature for the final estimation.

4.1.3: Major Influences

The signals below will be observed and tested as the main influences on generator’s tem-

perature:

e Generator Current

e Generator Speed

e Coolant Temperature
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e Diesel Particulate Filter(DPF) Temperature
e Outside Air Temperature

e Airflow influence

4.1.4: Initial Plan

In this section is described the initial plan discussed to do good tests to estimate the tem-
perature. Some of this things were changed during the tests and will be described on the next

section.

4.1.4.1: Generator Current

Resistance

control

output Influence of generator current

Generator current — MUY Generator :
on generator's temperature

noise

——

Engine coolant temperature
Generator speed

Outside air temperature
DPF temperature

Airflow influence

Figure 4.1: Generator Current P-diagram

e Conditions:
- Engine inidle
- Coolant in operation point
- No DPF burn
- Outside air temperature constant
- AC ON

e Test:

With the external resistor, put the generator current on this steps: 10A, 40A, 70A, 100A,

130A. Waiting 15 minutes on each step to reach the steady state.



e Duration:

To cover the 5 steps waiting 15 minutes on each one, this test will take 75 min.

4.1.4.2: Generator Speed

Gas | Eedal

control

Generator speed L

output Influence of generator speed
on generator's temperature

Generator

noise

Generator current
Coolant temperature
Outside air temperature
DPF temperature
Airflow influence

Figure 4.2: Generator Speed P-diagram

e Conditions:

- Detach the generator from the car’s circuit

- Coolant in operation point

- No DPF burn

- Outside air temperature constant

-ACON

e Test:

18

Pressing the gas pedal, put the generator speed on this steps: 1500 rpm, 3500 rpm, 5500

rpm, 7500 rpm, 9500 rpm. Waiting 15 minutes on each step to reach the steady state.

e Duration:

To cover the 5 steps waiting 15 minutes on each one, this test will take 75 min.

4.1.4.3: Coolant Temperature

e Conditions:

- Detach the generator from the car’s circuit

- Engine in idle
- No DPF burn
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None
control
Coolant infl f coolant t t
3 nfluence of coolant temperature
temperature —"MPYY Generator joutput . P
on generator's temperature
noise

Generator current
Generator speed
Outside air temperature
DPF temperature
Airflow influence

Figure 4.3: Coolant Temperature P-diagram

- Outside air temperature constant
-ACON

e Test:

Observe the standart range of coolant temperature and see how it affects the generator’s

temperature in 5 different steps.

e Duration:

The time that the temperature stays in each point doesn’t take so longer, so the duration

of the test is the time of coolant rising temperature from OAT to the operation point.

4.1.4.4: DPF Temperature

Software

cantrol

DPF

temperature output Influence of DPF temperature

on generator's temperature

Input Generator

noise

Coolant temperature
Generator current
Generator speed
Outside air temperature
Airflow influence

Figure 4.4: DPF P-diagram



20

e Conditions:
- Detach the generator from the car’s circuit
- Engine in idle
- Coolant in operation point
- Outside air temperature constant
-ACON

e Test:

By software force DPF burn to observe how it affects generator’s temperature.

e Duration:

Time of DPF Cycle.

4.1.4.5: Outside Air Temperature

Ambient temperature

control

Outside air X
temperature Input Generator output Influence of lGAT
on generator's temperature

noise

Generator current
Generator speed
Coolant temperature
DPF temperature
Airflow influence

Figure 4.5: Outside Air Temperature P-diagram

e Conditions:
- Detach the generator from the car’s circuit
- Engine in idle
- Coolant in operation point
- No DPF burn
-AC ON

e Test:

In a climate room put the car in this 5 steps: -5°C, 0°C, 5°C, 10°C, 15°C, 20°C, 25°C.

Waiting 15 minutes on each step to reach the steady state.



e Duration:

To cover the 5 steps waiting 15 minutes on each one, this test will take 105 min.

4.1.4.6: Airflow Influence

Fan speed
Vehicle speed

Vehicle speed

contro

input|

Generator

noise

Generator current
Generator speed
Outside air temperature
DPF temperature
Coolant temperature

output Influence of airflow

on generator's temperature

e Conditions:

Figure 4.6: Airflow Influence P-diagram

- Detach the generator from the car’s circuit

- Engine in idle
- Coolant in operation point
- No DPF burn

- Outside air temperature constant

- AC ON

e Test:

21

After the engine is hot, keep all the conditions constant and apply steps of fan speed on
the car in these 5 values: 25km/h, 50km/h, 75km/h, 100km/h and 125km/h and see how

the generator temperature changes with these airflow through the car. Waiting 15 minutes

on each step to reach the steady state.

e Duration:

To cover the 5 steps waiting 15 minutes on each one, this test will take 105 min.
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4.1.5: Executed Plan

Here is described what happened in each test and the problems found during all of them.
As a general observation, the time believed to be enough for the temperature reaches the steady
state value in each step was not long enough, because the temperature has a very slow system

response. This will be shown on the next section where all the tests are presented.

4.1.5.1: Generator Current

Besides the difficulty of holding the current generator in the desired value of the step
planned because the car does not has constant loads and charging modes during all the time,
we also did not have the generator current sensor integrated on the car since the begining of
the measurements, so we followed the generator current estimation made by another project to
do some current tests in the begining, but later we integrated the current sensor on the car and
made other current tests. This test went well and we show the results shown later with the model

made for this influence.

4.1.5.2: Generator Speed

This test was executed some times but it was really hard to separate the major influences
on this test and analyze just the generator speed influence, because when you rise the engine
speed (consequently the generator speed) the coolant temperature keeps rising and affecting
the generator temperature. Besides that, the engine fan starts after the coolant reaches 100°C,
so the disturbance on the generator was really big, adding peeks down during the ventilation and
peeks up after the ventilation when the heat taken from the engine went off, rising the generator
temperature this way.

So the strategy was to do this measurement on a bench to observe the speed influence only,
and everything was done to do this test in time: the new sensors, the recorder, the measurement
plan and all the other things needed, but we couldn’t schedule a time on the bench because the

year was in the end so this test was canceled in that time.

4.1.5.3: Coolant Temperature

This test was executed well and got many data to do the analysis. The results will be

shown later with the model made for this influence.
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4.1.5.4: DPF Temperature

The DPF signal was not found on the CAN bus, neither after many attempts in different
ways to get it, so this test was canceled in that time. And since this influence doesn’t happen
everytime, it is considered just a big disturbance on the system and not a regular influence like
the others, so it was not so important like the others for this time, and for this reason this test

was postponed.

4.1.5.5: Outside Air Temperature

This test needed to be done on a climate room but it was not possible to get one. So
some tests were made in the outside environment in different temperatures(sun, normal, snow)

and got some data about this influence. But no specific test was done like initially planned.

4.1.5.6: Airflow Influence

The plan was to put the airflow speed in different steps, but it was not possible to get one
controllable fan to do that because all of them were busy in the time on the dynos. So we took
one constant speed fan to this test and could do some measurements about it, but not like the

plan.
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4.2: Tests

In this project a lot of tests were realized. Some of them are presented in the following

section:

4.2.1: Engine coolant temperature

The pictures 4.7 and 4.8 show a coolant temperature test. The red curve is the coolant

temperature and the green curve is the generator inside temperature:

_.Generator inside température  ©

| mwmm'wm

Figure 4.7: Coolant temperature test 1

_..Generator inside temperature

1000 2000 3000 4000 (s)

Figure 4.8: Coolant temperature test 2

We can see in both graphics the linear behavior of the generator inside temperature while
the coolant temperature is rising. The behavior in the beginning of the generator temperature in

the figure 4.8 occurred because of the initial current to start the car, this way the temperature
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went up faster then the normal. After that disturbance, there’s just the coolant influence on the

generator inside temperature.

4.2.2: Generator current

The picture shows the generator in initial temperature as 20°C and applied a step of 100A
of current on it, rising the temperature for around 90°C. The behavior of the output is similar to
a first order system response. But we can note in the picture that, from around 3500s, the noise

cause by the engine fan starts doing an up and down disturbance:

Start of the
engine fan

disturbance

i Input:
current = 100A

1000 2000 3000 4000 5000 6000(s)

Figure 4.9: Current test - step 100A

The test of the figure 4.10, shows the generator inside temperature (green line) in 40°C
as initial condition and at 0s, the generator current (red line) goes from 0 to 50A and stays this
way until around 1000s, then after this, the current goes from 50A to 100A. The output of the

generator is shown in the figure:
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Input:
Current = 504

Generator inside temperature

Input:
Current = 100A

600 §00 1000 1200 1400 1600

Figure 4.10: Current test - step 50A-100A

"h\ Input: Input:
III": Pt e ..__-._7-‘

! i renpe™ L8
\ P \
\

Generator inside temperature

\ Input:
current = 60A

1000 2000 3000 4000 S000(s)

Figure 4.11: Current test - step 100A-25A-60A-25A

In this test of Figure 4.11 different values of current were applied on the generator to
observe the behavior in these situations, and the conclusion is that the current has an offset
response on the generator inside temperature: when the current rises to a certain value, the
temperature also rises until a certain steady state value and when the current went down, the

temperature also went down until a constant value.

The problem found in this situation, as mentioned, is to define this gain in consequence
of the current change, because this is not a linear system and the same variation on the current
may not produce the same change on he temperature, as showed on the figures 4.12 and 4.13
below where the same input was applied on the generator but in different initial conditions. The

curve in green is one measurement and the red curve is the other one in these two figures:
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__Generator inside temperature 1

Same input,
different outputs

Figure 4.12: Current test - AC ON in different initial conditions

j Generator inside temperature 2

Figure 4.13: Current test - repeated current test in different initial conditions

4.2.3: Generator speed

As mentioned, no big conclusion could be done from this test, but Figures 4.14 and
4.15 show two graphics from this kind of measurement. In Figure 4.14, the green curve is the

generator speed and the red curve is the temperature measurement:

Generator speed

1000 2000 3000 (s)

Figure 4.14: Generator speed test - 4 steps of speed

Figure 4.15 show 3 generator inside temperature measurements in 3 different speeds of

the generator, as described on it:
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T — e

. N Generator speed = 5000 rpm ‘

B Generatorspeed = 3000 rpm B

1000 2000 3000 4000 (s)

Figure 4.15: Generator speed test - 3 different tests compared
4.2.4: Time of cooling

One of the detected problems was how to determine the initial temperature of the gener-
ator when the measurement starts. Because if the measurement starts after a long time when
the car is turned off, the inside temperature is equal to the outside air temperature, but if the car
is heated and stays just some minutes turned off, we don’t have any signal recording this current

temperature of the generator to be used as a initial condition on the next estimation.

This way, it was thought to do some tests to see how the temperature of the genera-
tor cools down when the car is turned off in order to have some model of this to estimate this
temperature to be used as initial condition. Figure 4.16 shows a 6000s measurement with the
car turned off after the engine is heated, and the temperature went from 100°C to 40°C in this

interval.

f\\ Generator inside temperature : f : 100°C to 40°C in 6000s

1000 2000 3000 4000 5000 (s)

Figure 4.16: Time to cool the generator inside temperature
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Another issue which was discussed, was to record the signal present on the CAN bus
about the time of the day, and knowing how long the car has been turned off, may be possible
to estimate this current temperature of the generator when the car is turned off. The problem
is that it needs a lot of tests in many conditions, because this speed of cooling the generator

temperature is not the same if the outside temperature is 30°C for example of if is -2°C.
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4.3: Results
4.3.1: Modeling the dynamics of the systems

As described in the measurement plan, the strategy to model the system was to apply a
known step value on the input (major influences), observe how the output (generator inside tem-
perature) behaves and try to approach the measured curve into a first order system. Accordingly

to the following rules:

In frequency domain, the first order transfer function is given by this relation between the output
and the input U(s):

¥is) _ K
Us) 1s+1
where:

K = Static gain
T = Time constant

Considering the response of this system for a step of magnitude, M:
M
Ut) =Mfort >0 - U(s) =—
5

So our output ¥(s) is given by:

KM

o) =

Applying the inverse Laplace in the function above, we have our time domain output:
() = KM(1 - e™*/7)

And be y,. = steady state value of y(t) = KM, we have:

i P

t i

. 0 0

Vo 0.5 T 0.632
21 0.865
3T 0.950
0 L L 1 I At 0.982
D 7 e : 3 4 5 Gr 0.993
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So for each major influence, the strategy of modeling was to observe the measured curve
and get in which time the output value was around 0.632 (63.2%) of the steady state value. This
way we got the time constant value (tau) and, with the value of K (static gain), we have our first

order model that is a good approach to follow the measured curve.

This way, the idea was to apply defined steps (input U(s)) in the system of each major
influence and to observe how the inside generator temperature (output Y(s)) behaves and from
that, calculate the first order model of each one. With this, we would have different models which
show how the generator temperature behaves in each interval of operation point and would have
the contribution of each major influence on the final estimation of the inside generator tempera-

ture.

With our first order model in the frequency domain in the continuous time, it was used
the command ’c2d’ in MATLAB which transforms our continuous time transfer function in a cor-
responding discrete time transfer function considering the sampling time, because the trigger in
the MATLAB software in our case is of 0.1 seconds. For this reason it was necessary to use a

command in this way:

DISCRETE TRANSFER FUNCTION = c2d(CONTINUOUS TRANSFER FUNCTION, 0.1)

After the tests, it was possible to put these discrete transfer functions on the MATLAB
model and apply as an input of this system, the corresponding major influence signal from which

it was modeled. This will be described in more detail in the next section.

With the modeled transfer functions we could observe how each major influence affects
the inside generator temperature and, in theory, adding all the influences, we would gain our final

generator temperature estimation.

But the problem was that, after the measurements, it was observed that the model fol-
lowed really good the real measurements only sometimes or in some intervals. So it was dis-
covered that this approach of modeling the transfer functions by linear system techniques was
not so effective, because the non-linearity of the system in this case was very strong, causing

different measurements for different initial conditions of the variables involved. Even this problem
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was supposed since the beginning, it was thought that in this planned strategy, dividing the range
of operation in many intervals and doing a different modeling for each one of them, this problem
would be minimized enough to overcome this non-linearity, but after the measurements we saw

that it was not a good approach in this case.

After many discussions with the professors of my university about this problem and a lot
of research by myself, the best solution chosen for this case is to use the Hammerstein-Wiener
model to correct and minimize this non-linearity problem of the system. This model consists of
a non-linear block transfer function connected before the linear block to compensate this non-

linearity of the system and shows very good results for this kind of problem.

Because when the output of a system depends nonlinearly on its inputs, it is sometimes
possible to decompose the input-output relationship into two or more interconnected elements.
In this case, you can represent the dynamics by a linear transfer function and capture the nonlin-
earities using nonlinear functions of inputs and outputs of the linear system. The Hammerstein-
Wiener model achieves this configuration as a series connection of static nonlinear blocks with

a dynamic linear block.

The block diagram shown in Figure 4.17 represents the structure of a Hammerstein-

Wiener model:

u(ty Input w(t) Linear x(t) Output. y(t)
— Nonllr;eamy * BIBOFEK ¥ Nonlinearity ———»
h

Figure 4.17: Hammerstein-Wiener structure

And to implement that, luckily there is a command on MATLAB called 'nlhw’ that does
all this job, taking the time domain data that are our major influences signals, the linear model
dynamics and with possibility of many fine tunings to improve the estimation of the output if it is
still not good enough, such as initial condition, changing the non-linearity type of estimation and
many other things. So this kind of approach is strongly suggested to be applied by the person

who continues with this project.
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Figure 4.18: Temperature Estimation Main Model

tests and the continuous analysis of the data. This model will be detailed in 4 parts: the main
model where the sum of influences are made to do the estimation, the influence of the coolant
temperature, the influence of the current and the influence of the generator speed. As far as
this model was developed, only the coolant and the current influences were really added to the

model estimation, because the others did not have enough data for conclusion to be modeled.
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In this part of the implementation shown on Figure 4.18, all inputs available are located
for estimates the generator inside temperature in red color: the coolant influence and the current
influence developed after the analysis data taken from the tests, the generator speed influence
that still needs more tests to be added to the model, the real temperature of the inside of the
generator taken from the sensor installed to compare and validate the model and also the initial
condition of the inside temperature of the generator given by the user on dSPACE to be used on

the estimation of the current temperature and consequently the error of it.

There are 6 attempts of estimation of the temperature in the blue boxes, each one added
during the test that had been done to try to get as close as possible to the real temperature.

Below it will be described how each one is composed:

Temperature estimation 1: Initial condition + coolant influence.

Temperature estimation 2: Initial condition + coolant influence + current influence 1.

Temperature estimation 3: Initial condition + coolant influence + current influence 2.

Temperature estimation 4: Initial condition + coolant influence + current influence 3.

Temperature estimation 5: Initial condition + coolant influence + current influence 4.

Temperature estimation 6: Initial condition + current influence 1.

With this attempts, it was possible to observe which of them went more close to the real
temperature measured from the sensor and adjust the parameters and gains after every mea-
surement. Some validations of this temperature estimations will be better detailed in the next

section.

Also in the blue boxes, in the right of the figure, are the signals that corresponds to the
error between the estimated temperature of the inside of the generator and the real temperature
measured by the sensors. This way it was possible to see when and which estimation made a
good approach of the temperature and continuously adjust and tune the model to improve the

estimations.
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4.3.2.2: Coolant Temperature Influence
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Figure 4.19: Coolant Temperature Influence Model

The model shown in Figure 4.19 was developed after the analysis of the coolant data
taken on the tests and it had an almost linear behavior of the generator inside temperature when
the coolant was rising its temperature, as seen on the figure /refcooltests below, where each line
correspond to a different coolant test and they represent the generator inside temperature after
many coolant tests. They are put together in this picture to better visualize the linear behavior of

the generator inside temperature with the variation of this major influence:
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Figure 4.20: All the tests of coolant temperature influence together

And from this figure 4.20 it is possible to visualize this behavior mentioned, even if the
operation points are different in each test, the inclination of this variation was very close. So all
the inclinations of this curves were summed up and the average of this inclination was taken to

be used in the model to simulate the influence of the coolant.

The average inclination taken from this test was 0.4°C added on the generator inside
temperature after 1°C of variation of the coolant when it was from 0°C to 90°C, because after
that, the valve that hold the coolant inside the engine opens and releases the coolant in the

radiator circuit.

This way, after 90 °C of the coolant temperature, another approach should be done, be-
cause the coolant took a long time to vary its temperature and the generator inside temperature
keeps rising. So with the analysis done, the variation on this interval of operation of the generator
inside temperature was around 1.7°C after 1°C of variation of the coolant temperature. For this
reason, as shown in the Figure, the model was divided in more than one interval of operation to

do a better approach of the behavior in each of them.
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The modeling influence after 100°C of the coolant temperature was planned to be done,
but after the tests, a huge disturbance was discovered caused by the engine fan, that starts

when the coolant reaches this temperature, making a lot of noise on the measurement.

The disturbance is eletric because when the fan starts the current goes up and then heats
the generator and also thermic, because when the airflow starts, the heat taken from the engine
stays in the place around the generator and consequently heat it up. So for this reason, in this
model just the influence of the coolant until 100°C is considered. Figure 4.21 shows what kind

of problem the coolant on this temperature brings:

Figure 4.21: Disturbance caused by the engine fan after the coolant reaches 100°C

As we can see in Figure 4.21, when the coolant temperature(red color line) reaches
100°C, the fan starts and produces peeks observed on the generator inside temperature (green

color) and on the generator outside temperature(blue color).
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Figure 4.22: Generator Current Influence Model
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Where in the discrete time domain 'z’:

e 0.0009995
~ z— 0.999

—_— 0.0004999
~ z— 0.995

- 0.0003
"z — 0.997

The step response of this 3 different transfer functions are shown in the Figure 4.23. We
can see that the TF1 has the slowest dynamics to reach the steady state value and TF3 has the

fastest of them:

1

TF3

Amplitude

0 100 200 300 400 500

Figure 4.23: Step response of the transfer functions of the current influence

The influence of the current on the generator inside temperature is implemented as shown

in Figure 4.22. It has 4 kinds of approaches tested, which are represented in the blue boxes:

e Current Influence 1: defined by the static gain K = 0.65 multiplying the transfer function
TF1.

e Current Influence 2: defined by the static gain K = 0.65 multiplying the transfer function TF2
but this influence is just triggered when the generator current is higher than the standard

current of the car: 25A.
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e Current Influence 3: the same as the Current Influence 2, but it has a different approach

for the dynamic of the system, described by the transfer function TF3.

e Current Influence 4: this influence takes as reference the current inside temperature of the
generator and, for each different interval of operation, switch the flow of the influence to
a different static gain for the system, but all of them with the same dynamics represented
by the transfer function TF2. The gain for the interval of generator inside temperature be-
tween 0°C and 35°C is K = 0.75, the gain for temperatures between 35°C and 70°C is K
= 0.60, and the gain for temperatures above 70°C is K = 0.45.

With the tests on the generator current, it was clearly observed that an offset on the
generator inside temperature was done in consequence of this variation on the current and the
dynamic of this variation during all the steps was not the same but they were not so much dif-
ferent from each other. This way, the biggest difficulty to get the best estimation of this influence
was to determine the right static gain to put on the system depending on the value of input of the

generator current.

As mentioned before, with the tests made, it was observed that the system is strongly not
linear, which means that for the same input of current, the system can react in a different manner

depending on the initial conditions. For example in Figure 4.24 we can see this problem:
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Figure 4.24: Different outputs of temperature for the same input of current
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For the same input of 100A of current on the generator, we had 2 different curves and
steady state values. Because in one test our initial condition of the generator temperature was
23°C and the other one was 42°C and even if the dynamic of this temperature variation are
similar in both cases, our intermediate and final values are not linear just depending on the input

of current we put on the generator.

And for this reason many attempts and changes on the model was done to overcome this
non-linearity somehow: changing the dynamics of transfer function, changing the gain, switching
the model, but none of them were effective all the time, just in some intervals they had a good

approach but after some time the error starts to get big.

So for this reason, this model needs to have more tests to get more behavior of this in-
fluence in all the conditions and improve the approaches on the model or change the strategy,
which is a much better solution, and use non linear techniques like that mentioned before called
Hammerstein-Wiener model, which have a non linear block before the linear dynamics to over-

come this problem that is happening in this model.



4.3.2.4: Generator Speed Influence

—_—

Speed
|

‘ Generator |

Filterthe
generator
speedvalue to ‘
selecton
interval of
operation

Subtractthe
idlespeed
value
because
there'sno
influence on
itand just
operate the
system
when this
valueis=0

Dynamics of the
different intervals
of operation

Twr
W

Constantd

Logical
Operator

¥

2300

Constantl

2300

Constant2

¥

Logical
Operatori

8400

Constant?

h 4

¥

8400

Constanth

Lesgical
OperatorZ

9100

T‘F
A

¥

Logical
Operatord

12000

Constantf

h 4

IDLE SPD

{0 influence)

h 2

Constant13

- Constant16

Constantii

» TF1

Discrate
Transfer Fon

e=L_i_gemspai

N

» TF2

Disorate
Transfer Fond

esl_infl_genspd?

=

Multiport
Switch

»TF3

Dizcrate
Transfer Fon2

esl_infl_genspds

» TF4

Discrate
Transfer Fend

est_infl_genspdd

Influence

‘ Generator Speed ‘

5

Switchd

Figure 4.25: Generator Speed Influence Model

genspd_influence

Delay

Dutd



43

Where in the discrete time domain 'z’:

2545711z + 2545711

BER =SS s eaes

1.094e 10z + 109410

N P e 9999

TF3 and TF4 = not developed

This model of the generator speed influence was not added to the main estimation of the
temperature because, as mentioned before, the tests and the modeling do not give an accurate
measurement of this influence. But based on the measurements done for this influence, this
model was built with the same idea as the one with other influences, doing the modeling for 4
different intervals of speed and putting the dynamic observed in each transfer function that rep-
resents this range of speed. Some tests were made for speeds of the generator in 2500 rpm and
in 5000 rpm, then this 2 models were taken and represented by TF1 and TF2 respectively. The

tests for higher speeds were not good enough, so models were not made for them.

Besides the tests for this influence were not accurate for all the ranges, it was tried to use
this models on the final estimation but it was not a good approach. And until now, it is not known
if the modeling is not enough accurate or how this influence must be added to the model: just
with regular sum on the influences or if this signal contributes in other major influences, such as

the coolant temperature, as supposed after the tests.
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4.3.3: Validation

The box represented on Figure 4.26 refers to the curves on the graphics shown on Fig-
ures 4.27, 4.28 and 4.29:

Generator inside temperature(sensor)
I Temperature estimation 1
Temperature estimation 2
Temperature estimation 3
I Temperature estimation 4
Temperature estimation 5
Temperature estimation 6

Figure 4.26: Labels indicating the colors on the validation graphics

Figure 4.27 shows a validation done with the car stopped, engine idle, outside air tem-

perature of 22°C and applying a step of 100A on the generator current in this conditions:

S —

~

500 1000 1500(s)

Figure 4.27: Validation 1 of the temperature estimation

Figure 4.27 shows a validation done with the car stopped, engine idle, outside air tem-

perature of 22°C and varying the generator current randomly in this conditions:

100 200 300 400 500 600 700 800 900 (s)

Figure 4.28: Validation 2 of the temperature estimation
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As we can see in Figures 4.27 and 4.28, the temperature measured by the sensor is
well approached for one type of estimation in one interval, but the same estimation may not
be so good in other intervals of measurement as well. It means that these estimations can do
a good approach of the real temperature measured by the sensor, but not in all the range of
measurement because the system behavior depends all the conditions involved, because this
is a non linear system and our attempt was in a linear system technique. So this behavior is

expected after the attempt of estimation it was proposed in this case.

Figure 4.29 shows a validation done in a real case driving the car, doing different things
like changing speed, turning on the AC and headlights, stopping the car and everything else. The
results show that the estimations follow the dynamic of the real measurement, but the static gain
of these estimations are not accurate perfectly estimate the temperature inside the generator.
This thing might be solved with the implementation of the Hammerstein-Wiener model which
can overcome these non linearities and put the right static gain for the system to do a good

estimation.

500 1000 1500(s)

Figure 4.29: Validation of the temperature estimation in a real case test

Another thing observed in this real case test is that even with big changes on the car like
turning on the AC or headlight, which in the tests made with the stopped car did a big change
on the generator inside temperature, in this case the temperature stayed around 40°C even
after all these kind of modifications on the influences and driving changes too. This behavior is
supposed to be this way because the airflow does the opposite influence on the temperature,
compensating the influence of the other signals varied on the test. So after the airflow tests are
done, this supposition can be checked, because in this model the airflow could not be modeled,

that is another reason for these estimations are not as accurate as expected.
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4.4: Perspectives

e Discover a way to have an accurate initial condition estimate for the temperature estima-

tion.

e Continue the tests for all major influences using the climate room and the bench test as

initially planned.

e Do these tests not only with a car stopped but also define a cycle on the city to perform

these tests and also do this test on the road to cover as much conditions possible.
e Analyze the data and take the models for this influences from the tests.
e Apply the Hammerstein-Wiener model to try to minimize the non-linearities of this system.

e Validate the implemented model with this technique to check if the approach is accurate

enough.

e Start the second part of the project to estimate the generator current, which is dependent

of generator temperature.

e Build a table or algorithm to estimate the generator efficiency based on the generator

temperature and current estimation.
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Capitulo5: Conclusion

This project was developed to create an estimation of the inside temperature of the gen-
erator to be used on an efficiency way of charging the battery, in order to reduce the emission of
CO2 in the cars.

The inicial plan of the project was to do the step response test for all the major influences
and with this linear system approach, obtain the transfer function for all of them to sum the con-
tribution of each one on the final estimation of the temperature of the generator. But the problem
was that the problem is more complex than imagined so this solution did not provide an accurate

solution for this modeling.

The interdependency of the influences was also a big difficulty because it was hard to
separate the influence of them in the output, making the analysis not so accurate sometimes.
Another big problem was the time available to develop all the planned tests of the project, that it

was not enough to cover everything desired.

For the six major influences planned to be modeled in this project, three were tested and
modeled: engine coolant temperature, generator current and generator speed, but only the first
and the second mentioned had an acceptable result to be added in the main model of the es-
timation. The last one(generator speed), besides the many tests developed could not have a

good conclusion.

This way our final estimation of the generator temperature could not reach the desired
accuracy because it still needs more tests and improvements to have a good result. As men-
tioned, some different kind of tests could be implemented to minimize the interdependency of
the influences such as bench tests and tests in a climate room for example, to give better results

without the disturbances faced in the tests of this project.

Independently of this project did not reach the desired final result, it could show how
some influences contributes for the generator temperature and with the continuation of the tests,

the modeling and the application of different techniques like the non linear approach, it can give
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good results, because even without modeling all the influences, the model developed could give
good results in some intervals of measurement, so the expectation for the future of the project is

very high.

Besides this mentioned steps for the future, the measurement plan needs to be changed
to add tests with the car not stopped, like in a defined circuit on the city and also in high speeds in
the road to cover more different conditions as possible for the estimation. With this changes and
the continuation of the tests, the inside temperature estimation of the generator has big chances
to be successful and accurate to be the desired step to develop the efficiency dependent way of

charging the battery for the company.
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