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Abstract

Fuel consumption reduction in Hybrid Electric Vehicles (HEV) powertrains has been an important
area of research over the past few decades. HEV powertrains have two energy sources : fuel and
battery. The important task of splitting the energy/power demand between both these sources is per-
formed by the Energy Management Systems (EMS). There are many EMS methods and the focus of
this thesis is on a method called Modular ECMS (MEMS) implemented by TNO as per [13]. MEMS
finds the optimal power split among the subsystems by minimizing the energy loss in each subsystem.
This strategy assumes that the operating speed of the subsystems of the powertrains is known and uses

this knowledge to find the optimal power split and torque among these subsystems.

The objective of this thesis is to find the optimal operating speed of the subsystems as well. This is
done by a least squares fitting of the objective function and constraints as functions of subsystems
speed and torque. A revised Optimal Control Problem (OCP) is formulated as a quadratic program-
ming problem of speed and torque and is termed as Speed-Torque Coupled MEMS (ST-MEMS). The
ST-MEMS algorithm is tested on a series-hybrid wheel loader powertrain model and its performance
is compared to MEMS, with the model and data provided by TNO. It is concluded that the ST-MEMS,
while adding the speed and torque bounds as degrees of freedom, does not achieve a good distribution
of power between the 2 sources. The reason for this behaviour is analyzed and an alternate approach

is suggested for future work.
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Chapter 1

Introduction

Powertrain modelling and control has been an important area of research for many automotive man-
ufacturers. The aim has always been to lower their fuel consumption and reduce emissions. An im-
portant powertrain application, especially over the past decade, are Hybrid Electric Vehicles (HEV).
Many governments encourage the use of HEVs as they improve local air quality and reduce fuel costs.
The sales of HEVs in the Netherlands as a percentage of passenger car sales has increased from 4.7%
to 11.8% from 2016 to 2022. The number of charging points in Netherlands has almost tripled over
the last 5 years. [1]

Fuel consumption reduction in HEVs has been an important area of research over the past decade.
HEVs have electric actuators and storage systems such as batteries which provide additional bidi-
rectional degrees of freedom for an energy source, apart from the fuel or the Internal Combustion
Engine (ICE). Thus an important task is splitting the energy/power demand between both these
sources in the most optimal manner possible, so as to reduce the fuel consumption and overall en-
ergy consumption costs. This is the role of Energy Management Systems (EMS). [15] A method to
achieve EMS is based on optimization. Optimization-based (OB) EMS minimize a cost function, like
fuel consumption or total energy cost combined with emission levels or battery life [15], depending
on certain constraints, thus solving an Optimal Control Problem (OCP). A popular OB method for
energy management is Equivalent Consumption Minimization Strategy (ECMS) which shall be dis-
cussed in more detail as it is the method of interest in [13] and currently implemented in TNO, thus

being the centre of focus of the thesis.
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2 Introduction

1-1 ECMS

ECMS is a control strategy for HEV which was introduced by Paganelli in [9]. The aim was to
represent the global optimal problem (usually solved when driving cycles are known a-priori) to an
instantaneous energy flow problem. ECMS is formed on the notion that the energy storage device
(battery) can also be seen as a fuel tank, from which if energy is consumed, it has to be provided again

by using fuel or by regenerative braking (recharging of the battery when vehicle is decelerating). [8]
There are two scenarios which need to be discussed :

* Discharge case : Battery power is positive and is being used. In this case fuel is be used to drive

the vehicle and recharge the battery, which means there will be fuel consumption.

* Charge case : Battery power is negative and is used instead of fuel to drive the vehicle and

which means there will be fuel savings.

The equivalence between the energy consumption from battery and fuel is established by multiplying
the battery power with an equivalent factor (EF) to represent the cost of consuming the battery power

as a multiple of the cost of consuming the fuel power.

Thus, the overall fuel consumption becomes,

titf eqy(i) = 1 (0) + Mpay (1) Aa-1n

where ri1y .4, 18 the equivalent fuel flow rate, riiy is the flow rate from the fuel consumption and r,,

is the flow rate from battery power consumption and i is the time instant. [8]

A simplified relationship between flow rate (1) and power produced (P) in the fuel and battery is

given in [8] as :

ring (i) o< Py (i) (1-2)

f
mbatt(i) s(l>Pbatt(i) (1'3)

where s(i) is the EF. Thus, the equivalent power P, is defined as,

Pqu(i) :Pf(i)+5(i)Pbatz(i) (1-4)

where i is the time instant.

The EF changes with time depending on the efficiency of conversion of fuel energy to electrical or
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1-1 ECMS 3

vice-versa. Depending on P, the equivalent fuel consumption P, can be either positive or negative

which represent fuel consumption or savings.

1-1-1 Modular ECMS (MEMS)
MEMS is an idea discussed in [13] and is currently implemented in TNO. This idea is based on 2
concepts.

The first of them is the concept of distributed control [14]. The MEMS approach in [13] uses dis-
tributed control by dividing the HEV into subsystems such as Internal Combustion Engine (ICE),
High-Voltage Battery (HVB), Brakes (BRA), Electric Machine (EM) etc. and optimizing for fuel
consumption in each of these subsystems. The approach also imposes a constraint which establishes
subsystem communication by using a power flow diagram. Nodes are introduced in the system where
inflow and outflow of power to or from the subsystems to each of these nodes are used for these

constraints.

The next concept is that minimizing the fuel consumption by the ICE is equivalent to minimizing
the cumulative energy losses in each subsystem as established by [12]. This is done by choosing an

appropriate cost coefficient for input and output power.
Before discussing the Optimal Control Problem (OCP), the below mathematical notations are defined.

e me . .# ={1,...M} indicates the subsystem index where M is the number of subsystems. They

are also represented without indexing and in terms of the subsystem name like ICE,HVB etc.
e ke # ={0,1,...K — 1} indicates the time horizon instance where K is the horizon length
* Uy is the input power of subsystem m at time k
* Ymx 1s the output power of subsystem m at time k

* Xnx is the energy of the subsystems which have a storage capacity. e.g. x,, x can be the SOC of

the battery at time k.

* v, is the exogenous load signal at node n at time instant k where n € 4" = {1,...N'} indicates

the node index and N is the number of nodes

Thus, the objective function is defined as the cumulative energy loss,

min Y Y cuttmi — dnYmk + Mt i (1-5)
U k>Ym k me(%kex

where ¢,, and d,, are energy loss cost coefficients for each subsystem and A; is the EF at time instant
k.

Master of Science Thesis Anand Srikrishna



4 Introduction

The first constraint is quadratic and is defined for the input-output power relation,
1 2
Ymk + EQm,kumJ( + fm,kum,k +emi = 0 (1-6)
Yme H ke X

The coefficients gy, k, fmx and e, are time-varying, efficiency coefficients. These coefficients are
dependent on the flow variable of each subsystem. For subsytems which involve mechanical energy
(ICE and EM), the coefficients are dependent on their operating speed and for HVB, the coefficients
are dependent on SOC. Thus, for speed-dependent coefficients, these coefficients are represented by :

qmik = Qch(mec);fm,k = fm,k(me()a Cmk = em,k(a)m,k) (1'7)

V' m € . corresponding to ICE, EM,k € 2

The input power is bounded using a linear inequality constraint,

U g < e < il (1-8)

VYme H ke X

Finally, the interconnection between subsystems based on the power flow between nodes to establish

distributed control,

1
Z qum,k + ®mym,k + ka =0 (1-9)
meH

Vme M ke # whereI' € RN and ® € RV are inter-connectivity vectors in which n' element being
-1 if power flow to node n is positive, 0 if there is no power flow to node »n and 1 if the power flow to

node n is negative. The positive and negative power flow can be decided depending on whether the

power flows into or out of the node. This constraint is explained in detail in chapter 2.

Additionally, there are constraints specific to energy storage subsystems, i.e., HVB which describe its

SOC evolution and bounds.

Thus, the Optimal Control Problem (OCP) is formulated with Equation 1-5 as the objective function
with Equation 1-6 to Equation 1-9 as the constraints. To achieve distributed control, dual decompo-
sition is performed in the OCP. The objective function in Equation (1-5) is modified into a partial
Lagrangian to include a Lagrangian multiplier t; € RY and the interconnectivity constraint in Equa-

tion (1-9). The new objective function is :
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1-1 ECMS 5

1
L({ttmpesymps e }) = Y, Y Cmttmi — dmYmg+ 1 (Tonthn e + Opym i + ka) + Mstpp e (1-10)
meM ke

The partial Lagrangian dual function of the OCP is then given by,

g<{‘uk}) = min L({um7k7ym,k7”k}) (I-11)
{”m,kJm‘k}
= v+ gm({iu}) (1-12)
Vm € ./ where,
gm({.uk}) = min Z (Cm +Ngrm)um,k - (dm - “g®m)ym,k (1-13)
{Mm7k:ym.k}k6<)£/

Vm € .#\{HVB} subject to constraints in Equation (1-6) to Equation (1-8)

and for m = {HVB},

gmp({}) = min Y (chup+ 1 Thoo )tk — (s — 1y Onub) Yo x + Mt & (1-14)
{umbge-ynm i} ey

subject to constraints in Equation (1-6) to Equation (1-8) and additional State-of-Charge (SOC) con-

straints given as :

X k+1 = AnvbXnvb k + BhrvbwWhvb k + Bhrvb,ulbhvb k (1-15)

Kbk < Xmk < Xnvb k

where wy,;, x is a known load signal at time instant k and Xivb k and Xp,p x are the upper and lower
bounds for the SOC.

The above problem is called the primal problem. To complete the distributed optimization, the dual

problem below is solved :

maxg({p}) = d° (1-16)
{me}
Vk € 2% which is the dual optimal value of Equation (1-5).

Thus, the overall OCP can be written as a min-max problem as :
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6 Introduction

. 1
min Z Z (Cmum,k - dmym,k + “{ (qum,k + ®mym,k +

, ka)) + Al
tmIm et ket

1
s.t. Ym k + EQm,kuyZn,/k + fm,kum,k + €mk = 0
(1-17)

U k < Um k < ﬁm,k
Xhvb k+1 = AnvbXnvb k + BhvbwWhvb k + Bhvb ulbib i

Xpybk < Xhvb ke < Xpvb k

VYme M ke X

To then obtain d* as per Equation (1-16), the maximization of the Lagrangian multiple is done using

a steepest ascent at each iteration s.

1
w =i o Y (Totdl, o+ Oyl + i) (1-18)

— v
meM M

Vk € & where o is the step size of the ascent and s is the iteration number. The choice of this step size

is elaborated in [12], where it is based on satisfying the primal feasibility condition in Equation (1-9)

combined with an adaptation based on a Newton scheme.

Torque Split

The speed of the subsystems are known and the optimal power is found by solving the OCP. The

power for subsystems m which involve mechanical energy like ICE and EM are defined using [13] as

P, =T,0, (1-19)

where P, can be input power u,, or output power y,, depending on whether mechanical power flows
in or out of the subsystem respectively. T, is the torque of the subsystem. Thus, with known speed
and power, the torque split for each subsystem is found after solving the optimization problem thus

ensuring the optimal operating torque for the particular speed.

Gear Selection

The optimal gear selection logic is a straightforward rule-based approach. Depending on the current
speed, optimal power obtained on solving the OCP, the cost of operating at each gear is calculated.
The gear with the minimal cost of operating is thus obtained. Then, depending on a preset cost of
changing gears, a decision is made whether to change the gear or continue with the current gear. All

these decisions are made using look-up tables.
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1-1 ECMS 7

The advantages of this algorithm to be preserved in this thesis are :

* The method has flexibility and modularity. In case, another subsystem needs to be added in the
system, e.g. a motor or generator, it needs to be added in the power flow diagram, connected to
the correct nodes and accounted for in the interconnection matrices in Equation (1-9). The rest
of the distributed optimization algorithm can be carried out as it is. Thus, this approach can be

adapted to various powertrain architectures.

* Due to modularity, the computational speed is high. This is the main result of the paper as it
states that the optimal fuel consumption reduction can be achieved in 45 iterations of the dual

decomposition problem and can be safely reduced to 40 iterations.
* Due to a convex formulation of the OCP, there is a guarantee of optimality.
A particular room of improvement of interest in this thesis is:

* In a series-hybrid topology, the vehicle and the engine can run at different speeds as the engine
is detached from the wheels. The generator and motor can also operate at different speeds. In
the current set up, these speeds are not optimized, only the torques are optimized. The speed of
these subsystems are taken as an input to the optimization problem and are used for the speed-
dependent constraints. By optimizing the power-split with respect to speed as well, the engine,

generator, motor etc. can run at more optimal operating points.

In conclusion, the gap about speed-torque coupled MEMS will be the main focus for the rest of the

and thesis. Additionally, the modularity and computational speed is to be preserved.

Master of Science Thesis Anand Srikrishna



Chapter 2

Series-Hybrid Wheel Loader

This chapter deals with the system on which the MEMS algorithm is implemented. The system
of concern is a series-hybrid wheel loader. A wheel loader is heavy machinery typically used in
construction. In wheel loaders, an engine is typically used to move a hydraulic pump and also an
energy converter like a generator. The hydraulic pump is then used to operate an arm to lift and
transport material such as dirt, gravel, sand, debris etc. [7]. A typical wheel loader is shown in
Figure 2-1. [2]

Figure 2-1: Wheel Loader (Source : [2])

The important pre-requisite information and assumptions considered are given as follows :

* The longitudinal model is considered for the vehicle, thus modelling the left and right part of

the wheel as a single model. Therefore, yaw moment is not considered.

* The power losses in the gearbox are negligible.
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2-1 Powertrain Topology 9

* The gearshift strategy is fixed, resulting in the knowledge of the rotational speed of the drive

line w,, x for every subsystem m € .# and at every time instant k € JZ".

* This configuration includes four external load signals, denoted as v = [V x Vox V3 & V47k]T eR*.
These signals represent the drive power needed to operate a specific drive cycle, the power con-
sumption of high-voltage auxiliary systems, and the power consumption of low-voltage auxil-

iary systems. It is assumed that these signals are known for each time instant k € 7.

2-1 Powertrain Topology

The powertrain is the set of components which is responsible for the conversion of energy from the
source of power to the motion of driving components(wheels). The powertrain usually contains an
energy source like a High-Voltage Battery (HVB), energy convertors or Electric Machine (EM) like
motors/generators, gear mechanisms and an Internal Combustion Engine (ICE). Depending on the

powertrain topology, HEV can be broadly classified as [17]:

* Series-hybrid : A series-hybrid powertrain has at least 2 EMs and the ICE is not directly used
to drive the wheel. The engine converts potential energy to mechanical energy, provides it to
the generator which runs a motor via an inverter as shown in Figure 2-2a. The motor can also

receive the power from the battery via an inverter. This motor is used to drive the transmission.

* Parallel-hybrid : A parallel-hybrid powertrain has one EM and the ICE is directly used to
drive the wheel. The main difference is the presence of a mechanical coupler which combines
the torque from the motor and the engine, as shown in Figure 2-2b. The motor is powered by

the battery via an inverter.

This is relevant for the gap discussed about running the subsystems at different speeds as it is not
possible to do so in a parallel-hybrid powertrain topology. This is because the ICE is directly con-
nected to the wheels and thus its speed has to be determined by the wheel rotation speed itself. In
a series-hybrid topology, since the engine and the wheels are not connected directly, they can run at

different speeds and hence, optimization of the engine speed is possible.

Master of Science Thesis Anand Srikrishna



10 Series-Hybrid Wheel Loader

~——— Electrical

' Mechanical

(a) Schematic of a series-hybrid powertrain [17]

B3

Electrical

wes Mechanical
(b) Schematic of a parallel-hybrid powertrain [17]

Figure 2-2: Types of Powertrain Topology

The system of interest is a series-hybrid system as shown in Figure 2-3. In this figure, the blue lines
indicate the flow of mechanical energy and green lines indicate the flow of electrical energy. Thus it
consists of two Electric Machine (EM)s or Motor/Generator (MG), one acting as a generator to receive
mechanical energy from the ICE and the other acting as a traction motor to provide mechanical energy
to drive the transmission/wheels. Going upstream from the transmission, the wheels are connected to a
gearbox which houses its own control unit. The gearbox receives mechanical energy from the traction

motor also known as MG2. MG2 can receive electrical energy from 2 sources :
1. A 350V HVB with a DC-to-DC Converter, thus providing an output voltage of 700V.

2. A generator also known as MG1. MGI receives mechanical energy from the ICE through a

gearset with a fixed gear ratio.

The electrical energy from MG1 can also be used to charge the battery. The ICE additionally moves

a hydraulic pump used to lift and move materials simultaneous to providing mechanical energy to the

Anand Srikrishna Master of Science Thesis



2-1 Powertrain Topology 11

generator. Both the MGs contain their own inverters to convert DC from/to the battery to AC. Addi-
tionally, the HVB along with the DC-to-DC converter is connected to a Electric Brake Resistor (EBR).
The EBR is required when the HVB cannot get charged or when the generator cannot get propelled by
the ICE. The EBR carries out the important function of regenerative braking, which is a conversion
of the mechanical energy of the braking process to other forms of energy such that it acts along with
the friction brake system to produce the required braking energy. Regenerative braking can either be
carried out by the reverse torque used by the motor for braking which is converted to regenerative
current and charges the battery or it can be converted to heat by the EBR. [5] eAUX/eBooster is used
for engine transients set at zero. It can be considered as a starter motor, which enables the engine to
start its operation under its own power until it reaches at an operation point where combustion can

take over. [6]

The green connections next to the ICE in Figure 2-3 is the low voltage connections accompanying the
ICE and are not considered in the model for optimization as they are used only to start the engine and

have no role later in terms of controlling the engine speed/torque.

Service
brakes

Hydraulic Pump

| Starter
1:1.1

IC Engine Gearset Generator :l
IJj \ 1:3 (MGH1) | Inverter
'y

Alf.

+ 3 + LS -+ »

Traction Motor Three Speed
(MG2) Gearbox
26V BAT

74V Auy systems >
700V 8V —
DC/DC Converter eBooster

Electrically driven

700V
B Mechanical connection 4 DCDGC Converter Brake Resistor supercharger

Electrical connection ; >

| 350V

l Battery

2 in parallel

SELEEEEEELL0EL5 Y
5959959959955995 9]
3555554555555 95849

I ne/ne ‘ ‘ 12V Aux.systems |

Figure 2-3: Wheel Loader Powertrain Topology (Source : TNO)

Using the topology in Figure 2-3, the set of subsystems .7 is formulated as :

M = {ICE,MG1,MG2,GB3,EBR,BRA,HVB} (2-1)

Although integers are used to define the set, the subsystems can be indexed and represented as an
integer. For the rest of this report, this indexing is neglected and the definition in Equation 2-1 is

followed.
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12 Series-Hybrid Wheel Loader

Next, using this topology, the inter-connectivity matrices in Equation 1-9 also can be defined. For

this, the power flow diagram given in Figure 2-4 has to be examined.

Yne:

MG2

Figure 2-4: Power Flow Diagram (Source : TNO)

The subsystems are represented using the green boxes and the power flow is divided into 4 nodes. The
auxiliary parts such as eAUX, HP and transmission are represented using yellow boxes. The input,
output and external powers are examined at the nodes with the convention that the power into the node

is negative and power out of the node is positive (as shown in the figure).

The power flow equation for each node can be written as :

Node 1: vi —yjc. —Ymgl = 0

Node 2 : vo — ypp — Yeor + Umgl + Umg2 = 0 2-2)
Node 3 : v; — Vmg2 + Ugp3 = 0

Node 4 : v4 — ypqa — ygp3 =0

The constraint in Equation 1-9 are derived from these node balance equations and the matrices I" and

O for each subsystem as are formulated as :
T T
Fice: [0 00 O:| 5 ®ice: |:—1 0 0 O:|
T T
Tog=[0 1 0 0], @ui=|-1 0 0 0

T T
Tugz=[0 1 0 0], @u2=]0 0 ~1 0f

1T T

Tas=[0 0 1 0",  ®u=[0 0 0 —1] (2-3)
T T

Tya=10 0 0 0] , @)bm:[o 00 _1]

Ty=l0 00 0. @eb,_[o 10 or
1T T

Tws=10 0 0 0] , @M_[o 10 0]
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Chapter 3

Speed-Torque Coupled MEMS

Considering speed as an optimization variable in ECMS is a relatively uncharted research territory.
Select literature exist for this approach such as the work in [10]. However, the approach is not based
modularity/distributed control and the focus is on finding an optimal equivalent factor. The opti-
mization is performed using a Genetic Algorithm, which can increase the computational cost when

performed without modularity.

Machine learning-based velocity prediction is used in many EMS approaches. A relevant example is
shown in [3], where velocity prediction is used for energy prediction along with A-ECMS to update
the EF. The flexible adjustment of EF has ensured desirable results in terms of fuel economy and SOC

sustainability.

In [4], the optimal power split and gear shift is determined by using an actor-gear-critic based DP and
then a multi-stage neural network prediction layer is used for velocity prediction. In this approach,
the optimal power split is found along with the optimal gear shift strategy by solving a mixed-integer
problem. It is shown that the algorithm achieves results close to DP in terms fuel economy, despite

not taking the entire driving cycle into account, which is desirable.

In general, A-ECMS with neural network based velocity prediction is shown to achieve 3% better fuel
economy than A-ECMS without prediction as per [16]. However, in the MEMS approach, an increase
in computational cost is possible on adding a neural network prediction layer to each subsystem. It
is important to note that these methods predict the velocity of the vehicle and not the speed of the
subsystems. Also, prediction of velocity and driving cycle does not ensure optimal operating speeds
of the subsystem and thus, these approaches are cannot be applied in cases where optimal operating

speeds of the subsystems need to be found.

When speed of subsystems are considered in the OCP seen in the previous section, the OCP will

change to incorporate the new optimization variable(s). The constraints in Equation (1-6) are affected
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14 Speed-Torque Coupled MEMS

as the coefficients in these equations are dependent on the speed of the subsystems as shown in Equa-
tion (1-7).

3-1 Power Loss Functions

As mentioned in [11], the input-output power losses are approximated as polynomial functions with
speed-dependent coefficients. Currently, these coefficients are approximated using a look-up table
approach. The input-output power is measured for different speeds and torques. Then, for each
different speed, depending on the measured input-output power, a polynomial function in the form of
Equation (1-6) is fitted. This approach with the look-up table is shown in Figure 3-1, where k values
of torque (T') and speed(w) are taken, an input-output power (¥ — y) measurement is taken. This is
performed for all subsystems which involve mechanical energy, namely, ICE, MG1 and MG2 etc. For

other subsystems the coefficients are not speed-dependent.

« J @ D R e .- (2075
T1 (u-3) 11 ()12 . . . . (1e2) 1%
T2 (u-3)2; ()22 e . e e (1-3) 2
Tk (13 ier (w2)x2 cct t te U (> rx

Figure 3-1: Look-up Table for finding the Polynomial Function

For the subsystems for which the input-output power constraint is speed dependent, Equation (1-6) is

changed according to Equation (1-7) as :

1
Ym k + EQm,k(wm,k)ufn’k + fm,k(wm,k)um,k + em,k(wm,k) =0 (3'1)

Jeonstraint (wm JestmjesYm k )

V' m € . corresponding to ICE, EM, k € 2

As the speed is unknown, the functions gy, x(@m ), fini(@nx) and ey (@, ) have to be estimated
with respect to @, x. For this purpose, the raw data for the subsystems speed and the coefficients are
obtained and least squares fitting is performed. The data is split into training and validation in a 2:1
ratio. To ensure uniformity of samples, the data is sorted from low to high speed and the first and

second two samples are given for the training and every third sample is given for validation. The

Anand Srikrishna Master of Science Thesis



3-1 Power Loss Functions

15

fitting is done for the training set and the results are analyzed using the validation set. For the fitting,

quadratic, cubic, 4-degree, 5-degree, 6-degree polynomials and exponential functions are tried. The
function with the highest VAF is selected. If there are multiple functions with VAF greater than 90%,

the least VAF greater than 90% is selected. This criteria differs for exponential fitting because its

negligence may interfere with the inherent physics of the system/subsystem.

A point to be noted is that MG1 has different dynamics in the positive power region and negative

power region. As speed @ is always considered positive, the sign or direction of the power is decided

by that of the torque. Thus, there are two different coefficient datasets for the negative and positive

torque/power directions.

Coefficient | Best Function Fit | Validation VAF (%)

Gice 6-degree 91.26

Sice 6-degree 68.95

Cice Quadratic 97.30
Gmgl + Exponential 63.75
Smgl + 5-degree 95.83
emgl + Quadratic 96.13
Gmgl,— Exponential 68.18
Smgt,— 6-degree 90.61
emgl,— Quadratic 94.97

Table 3-1: Fitting Results for coefficients g, f, e vs speed @

The fitting results are plotted as below.

Coefficients vs speed - ICE

Figure 3-2: Coefficients vs speed - ICE
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16 Speed-Torque Coupled MEMS

Coefficients vs speed - MG1 (+)
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Figure 3-3: Coefficients vs speed - MG1 - Positive Torque

Coefficients vs speed - MG1 (-)
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Figure 3-4: Coefficients vs speed - MG1 - Negative Torque

Despite the high VAFs for most function selections, these functions will have to be multiplied with
quadratic and linear terms of input power u,,x, which is another optimization variable. Thus, the
degree of this constraint increases and cross-terms between ®,,  and u,, ; are added. This introduces
non-convexity, which makes the algorithm lose the optimality guarantee could vastly increase the
computational time of the optimization.

Thus, a different method to perform the data fitting between input, output power and subsystem speed

is explored. The attempt is to keep this constraint quadratic so that it is computationally inexpensive.

The constraint is then replaced with a new quadratic power loss constraint where the power loss Py,
or Au is represented in terms of speed @ of subsystems ICE and MG1. Here, the fact that an input
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3-1 Power Loss Functions 17

power received by a subsystem disperses as output power and power loss is used. To examine the
behaviour of power loss and speed, the raw data for input, output power and speed data are collected
and power loss (4;ce — Yice) 1S plotted for ICE compared to the speed of ICE (wjc.).

Power Loss ve u,
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Figure 3-5: Power Loss vs speed - ICE

The plot in Figure 3-5 clearly indicates a one-to-many mapping between speed and power loss. This
arises due to the dependence on torque as well. Thus, torque should also be treated as an optimization
variable along with speed and power and the power loss P, is represented in terms of speed and
torque of subsystems ICE and MG1.

Thus, for m € {ICE,MG1},

Unk — Ymk — Ploss(wm,ka Tm,k) =0 (3'2)

where P, is a power loss function fitted in terms of @, x and 7, according to the fit types given in

the below equation.

Fit Type 1 : Plogs (O ks Tuk) = Am + BunOni + Con Tk + Din @y i+ Emn Ty + Fon O g T

Fit Type 2 : Pioss(On ks Tnk) = Bn@n i + ConTouk + D@ k+Emr & T Fon @k Ton 3.3)
Fit Type 3 : Plogss(Om i, Tm k) = mk+Emek

Fit Type 4 : Pioss(Omics Tnk) = BnOmi + CnTn i

Vme {ICE,MG1},ke %

To perform the fitting, the raw dataset for input and output power u and y, speed @ and torque T are
collected for m € {ICE,EMS} and k € #". The power loss data Au,,  is given by -
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18 Speed-Torque Coupled MEMS

AMch =Umnik — Ymk (3'4)

for m € {ICE,EMS} and k € 7.

The method used for data fitting is linear least squares whose method is derived for Type 1 as :

M 7 i 2 2 1 [Am Mo
Ay I Op1 Tt @y Toy Opl* Tl €|
) ] Bm
= Cm +
Dy,
(3-5)
2 2 En
| Aty | L Ok Tk Qpp Tk Omic* Tk | & ]
~—— ~~ _F m{ N~~~
AUy, X SN——" Em
®"l
AU, = X,,09,, + &,
The coefficient matrix ®,, is found by minimizing the 2-norm of the error term &, as follows.
0, = arg l'gll’l | ‘AUm — XnOm | |% (3-6)
Using the estimated coefficients, the predicted model of the power loss AU, is obtained.
AU, = X,,0,,
(3-7)

&um,i:[1 Omi T 02, T2 OpiTwi|Ow¥me (ICEMG1}andi€ 4

m,i m,i

The Au, @ and 7 data is divided into training and validation sets in a 2:1 ratio where the first two
samples are given for the training and the third sample is given for validation. This training data for
Py 1s then fitted as functions of @,, x and 7,, ; using least-squares fitting an in all fit types as seen in
Equation 3-3. The fitting results for each type are tabulated with respect to VAF for the validation set
as in Table 3-2. The VAF is calculated by :

e Bt i — Aty
VAF = (1 — Ziet Atmi =Bty 4650, (3-8)

Yicow Atmi — Auy,

where Au,, is the mean of the power loss data.

An important note to be considered is that the predicted power loss Au is derived by using the estimated
coefficients on the validation dataset given in the equation as Au. Although the above least-squares is
derived for Fit Type 1, the same method is used for Types 2,3 and 4. Also, the function mapping is
performed separately for positive and negative torque regions for MG1.
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Subsystem Validation VAF (%)
Fit Type 1 | Fit Type 2 | Fit Type 3 | Fit Type 4
ICE 99.59 99.51 85.58 81.65
MG1 (+) 95.71 95.26 76.59 68.80
MGI (-) 94.85 94.32 76.62 67.26

Table 3-2: VAF Results for Validation Data for all Fit Types

To further examine the best fit type, the coefficients for each fit type are tabulated in Table 3-3, Table 3-

4 and Table 3-5. These coefficients are the elements of the ® matrices in Equation 3-5.

Fit Type A B Cn D,, E, F,
Fit Type 1 | 20815.19 | -273.3 | 0.1994 | 1.747 | 0.01781 | 1.154
Fit Type 2 - -30.95 | 15.17 | 1.087 | 0.006867 | 1.102
Fit Type 3 - - - 1.534 | 0.3045 -
Fit Type 4 - 248.5 | 168.3 - - -

Table 3-3: Coefficients in each Fit Type for ICE

Fit Type An B, Cn D,, E, F,
Fit Type 1 | 885.4 | -4.406 | -6.98 0.00649 | 0.04004 | 0.05085
Fit Type 2 - -1.632 | -0.9561 | 0.004356 | 0.02925 | 0.04415
Fit Type 3 - - - 0.007566 | 0.06371 -

Fit Type 4 - 3.763 14.63 - - -

Table 3-4: Coefficients in each Fit Type for MG1(+)

Fit Type A B, Cn D,, E, F,
Fit Type 1 | 1035 | -5.217 7.06 0.007032 | 0.03863 | -0.05274
Fit Type 2 - -2.436 | -0.6057 | 0.005055 | 0.02436 | -0.04536
Fit Type 3 - - - 0.008029 | 0.06203 -

Fit Type 4 - 4.024 | -14.34 - - -

Table 3-5: Coefficients in each Fit Type for MG1(-)

To decide the final fit type, the VAF is first considered. For fit type 1 and 2, the VAFs are close to
95% and almost similar. While examining the coefficients of fit type 1 and 2, the constant coefficient
A, is of a higher order compared to the other coefficients. Thus, it is possible that the high constant
term could lead to overfitting of the data to this constant term and reduce the weight and dependency
on the optimization variables ®,, x and 7, x. Thus, fit type 2 is considered as the final fit type and the
data fitting is plotted in Figure 3-6a, Figure 3-6b and Figure 3-6c¢.
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Speed-Torque Coupled MEMS

Scatter plot of P, for ICE
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3-1 Power Loss Functions 21

Another issue with including subsystem speed and torque as a decision variable for ICE and MG1 is
that the subsystems are mechanically connected through a fixed-ratio gearset. The fixed gear ratio is

3. Thus, their speeds and torques are dependent as :

3a)ice,k — Omgl k = 0
(3-9)

1
3 Ticed + Tmg1 ke =0

Vke X

Since this constraint also involves multiple subsystems, it is best to approach this in the same way as
the connection constraint in Equation 1-9. They can be treated as nodes where speeds and torques are

connected. Thus, these constraints will be penalized and added to the objective function as :
. 1
mln Z Z CmUmk — dmym,k + .ulTk (rmum,k + G')mym,k + ka) + .u2,k(-Q'm wm,k) + ”3,k<Ame7k)
“m:}m:wmﬂmme{%kel/
(3-10)

where,

Q'ice = 37 Ajce = —1
1 (3-11)
Amgl =3 Amgl =1

[98]

and u; € RV, up € R and p3 € R are Lagrangian variables used to penalize the interconnectivity

constraints and the gearbox constraints. For the remaining subsystems, the  and A values shall be 0.

The subsystem speed and torque can be bounded and these constraints can be added.

IS
IN

COm,k <o
(3-12)

I
IA

T,k <7

Vm € {ICE,MGl},k € # and @, ®, T and 7T are constant bound for subsystem speed and torque.

Since speed and torque are decision variables and the output from ICE and input to MG1 is mechanical

energy, it is important that the powers follow the power formula. Thus,

Ymk = Om kT k (3-13)

¥ m = {ICE,MG1},k € #

The above equation is used to modify the objective function for ICE and MGI1.
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22 Speed-Torque Coupled MEMS

3-1-1 Alternate Formulation

For m = {ICE,MGl1}. Substituting y,, y = W, kT« in the power loss constraint in Equation 3-2,

2 2
— U k + Om kT ke + B @Ok + Con Tk + Din @ g + Em Ty g + Fin O g T e = 0

U = wm,kTm,k +Bmwm,k —+ Cme,k =+ Dma)”21k + Emrr%gk + mechTm,k (3'14)
—— -
Ym.k Boss(wm,ksrnuk)

Substituting the expression for u,, x in the objective function,

1
Z CmUm k — dmym,k + .Ltlj:k(rmum,k + ®mym,k + ka ) + ﬂZ,k(Qmwm,k) + U3k (Ame,k)
ket ~—

constant w.r.t subsystem m

=Y (cm+ Dt — (din = 1] 1Om) Yk + M2 4 (RO i) + 13 4 (A Ton )
Mok .u'y.k

- Z (Cm + uu,k) (wm,kTm,k +Bmwm,k + Cme,k +me317k + Emfi,k + mem,krm,k)
ket

—(dm =y ) (O f T k) + M2,k (L Do i) + U3 1 (A T )

= Z (cm+ Nu,k)mefi,k + (cm+ .uu,k)EmTr%z,k + ((em + M) (Fn + 1) — di + Uy k) Ok Ton
ket

+ ((Cm + .uvu,k)Bm + .u27k-Qm)wm,k + ((Cm + .uu,k)cm + .u3,kAm>Tm,k

=X [on e bt O (e )+ 1) =+ 1) [
= ~k f
ke X m, m %((C;n + l’tuk) (F;n + 1) - d)n + l-lvy,k) (Cm + .uuk)Em ka
Qm‘k
wm,k
+ [((cm + ) B+ 1242)  ((Cm + M) Con + u3,k,\m)} .
m,k
qm.k
O ke (Ve
=) [(Och Tm7k:| Omp | | +amp |
ket T k Tin k
(3-15)
Thus, the OCP will now be,
; Wy Wy, k
ki ,
Ot T kezjﬁf [“’mk Tm,k] Om.k [ka Gk Tm,k]
(3-16)

St @0 < Wi < o

< T,k <7
This can be solved as a quadratic programming problem. If the matrix Q,, x is positive definite, then
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this problem is convex.

*

Assuming the solution to the above OCP is derived as [ *’”k] , the power output is then,

Tm,k

* J—
Yk = O i Tk

(3-17)
”;,k = wm,kfm,k + Bmw;:z,k + Cmf;jq,k + me:rfk + EmT;:z?k + 0y, 1 Ty 1

Conditions for Positive Definiteness

The matrix Q,, x needs to be positive definite to preserve convexity and obtain a solution. Since Q,, «

is 2x2 symmetric matrix, it is known that for positive definiteness, the following 2 conditions need to
be satisfied :

(1) tr(Qm,k) >0
(ii) det(Qmi) >0

For trace condition,

tr(Qmi) >0

(cm~+ Muie)Dim + (cm + My i) En >0

(¢m+ Muje)(Dm+En) >0 (3-18)
if (D +Ep) > 0, then p, x > —cim

if (D +Ep) <0, then p, x < —cim

For determinant condition,

det(Qmi) >0

1
(Cm + .uu,k)szEm - 7((Cm + .uu,k)(Fm + 1) —dpy+ .uy,k)z >0

4 (3-19)
4(Cm + .uu,k)szEm > ((Cm + ,uuk)(En + 1) —dyn+ I-Ly,k)2

((Cm + .uu,k) (Fm + 1) —dp+ .uy,k)2 < 4(Cm + .uu,k)2DmEm

This condition can be divided into 2 parts.
1 1
(cm + Mu i) (Fin + 1) — din + My < 2(cm + Hu i) (DnEm)? | (Cm+ M) (Fn + 1) — don + pyx > 2(Cm+.uu ) (DmEn)?

din— Ly, 1 dyp—1y,
(Fn+ 1) = (205 < 2(DyE)? (Fu+1)— &2 > _2(D,,E,,)
(I Boll > (F+ 1) = 2(DnE) Bl (Fyy+1) +2(DnE)

Thus, in conclusion, the conditions for positive definiteness are derived as,

(Fp+1)—2(DpEy)? < m < (Fp+1)+2(DypEy)? (3-20)
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24 Speed-Torque Coupled MEMS

Thus, the Lagrangian variables 1, and p, are tuned in order to make the problem convex.
Input Power Bounds

Defining bounds the subsystem speed and torque eliminates the need for power bound constraint in
Equation 1-8. Since input power depends on subsystem speed and torque as seen in Equation 3-14,

the power bounds should also depend on the bounds of speed and torque.

By using Equation 3-14, the input power bounds are derived as follows -

(3-21)

Thus, after calculating the optimal power as in Equation 3-17, the input and output optimal power are

saturated to the above defined bounds.
Lagrangian Updates

Since 2 additional Lagrangian variables y, and u3 are introduced in the new OCP, they also need to
be updated using a gradient ascent as seen in Equation 1-18 for every iteration s. Thus, the Lagrangian

update is done as follows :

1
‘ulsjlgl = .ufk + af,k Z (qufn,k + ®my;17k + ka)

meH

W =t oy Y, (Qun) (3-22)
meH

u =gy Y, (AnTug)
meH

For stepsize o, the update is performed with a Newton Scheme as mentioned in [12] and it is un-
changed from the current implementation of MEMS. For stepsizes & and o3, constant stepsize values

are chosen.
Other Subsystems

For other subsystems, the OCP is the same as the original MEMS as shown in Equation 1-17 and the
Lagrangian update is performed as per Equation 1-18. The additional Lagrangian variables u,, u3 and

coefficients Q, A for these subsystems are set as 0.
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3-2 Revised Algorithm

The original MEMS is revised to accommodate speed of ICE and MG1 using the same partial La-
grangian approach as in Equation 1-12.

81 s Mo ger M3 ) = M1 i+ 8 ({1 ks Mok, M3 i }) (3-23)

where for m = {ICE,MG1} is taken from Equation 3-16,

. Oy (Dm,k
gm({Mi ko Mok, M3 }) = min Y [(Om.,k de Omk | | T qmi
O k> Tin k ket mﬂk Tmﬂk
_ (3-24)
st < Wi <@
< T,k <7
and,
* * *
ym,k = wm,krm,k
k% * * * *2 *2 * * (3_25)
Mm,k - wm,kTm,k + Bmwm,k + Cme,k + mem,k + Eme,k + Fm (‘Om,kfm.k
For m = {HVB},
= i I'T — (dpyp — 11, ® A
grp(Mig) = min Y (cmp+ 1 1 Dnvo) bk — (divs — 1 1 Ohvb) Yo ke + Mt
{umbi-Ymw it ey '
St Upyp k < Unvb k < Ui,k
1 ) 3-26
Yhvbk Aok & + Sfrob kb + €nvp i = 0 (3-26)
Xwb k+1 = AnvbXnvb k + BhvbwWhvb k + Bhvb ulbivb i
Xpob ke < Xhvbk < Xnvb k
For m € .#\{ICE,MG1,HVB}
. T T
gm(tix) = min Z (cm+ 13 kDo)t e — (din — 11 4 Om)Ym i
{um.kvymﬁk} ket '
S.L. Uy, < U g < Uk (3-27)

1
Ym.k + EQm,kuyzmk + fchum,k + Cmk = 0

The revised MEMS is from now referred to as ST-MEMS and can be summarized in the following
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algorithm where € > 0 is a well chosen convergence criteria, s € {0, ..., Smax } is the iteration counter

and spax 1S the maximum number of iterations.
Algorithm
At time instant k € ¢, for a given Ay, initialize u?.k, set € > 0, 5max > 1.

* Measure xp,p x and v

s+1 ‘zsorHungkl—ung280rs<smax

M i

» While [y} — | = € or |[ssf! — ms,
— Solve Equation 3-23
— Update the Lagrangian dual variables using Equation 3-22 to find the optimal Lagrangian
values [y i, [y g M3 g
* Initialize the dual variables at k+ 1 with the optimal dual variables at time instant &, i.e., “?, 1 =

* 0 — g * 0 _gy*
Migand phy g = Hyyand fy = 13y
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Chapter 4

Results and Discussions

In this chapter, the MEMS and the ST-MEMS are run for different cases where the inputs are ad-
justed and the performance of each algorithm is analyzed. The advantages and disadvantages of the
ST-MEMS are then summarized. Based on the disadvantages, an alternate approach is suggested and

future work is proposed to improve the algorithm.

4-1 Simulation Results

The simulation is carried out in open-loop similar to the case in the original MEMS as described
in [13]. The entire vehicle model is not considered at first as it contains several other components
and their control systems such as Battery Management System (BMS) which controls the equivalent
factor (EF). Since these act in a feedback loop, these affect the MEMS algorithm. To evaluate the
results of the MEMS, only that particular algorithm is tested. All simulations are performed in MAT-
LAB/Simulink.

The inputs to the MEMS block of Simulink are given below :
* The exogenous inputs vy, v,,v3,v4 (in kW) where,
— v is the power to the Hydraulic Pump (HP)

— vy is the power to the eAUX
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28 Results and Discussions

— v3 is the power out of the gearbox assumed to be zero

— vy is the power demand to the drive. This is an important input as this power demand must
be satisfied by the output power of MG2 (y,,¢> =~ v4) for the series-hybrid wheel loader

case.

* The bounds for the subsystem speed and torque @, @, T, T for ICE and MG1. The bounds for

o are in rad/s and that of 7 are in Nm.

State-of-Charge (SOC)% to the HVB
* equivalent factor (EF) A

* The variables which decide the g, f,e coefficients in Equation 1-7 such the speed of MG2
(®g2), SOC, temperature of the EBR and gear number.

* In case of the MEMS algorithm, the speed for ICE needs to be an input and the speed for MG1
is 3 times the speed of ICE.

The simulations are performed for a number of cases by varying some of the above mentioned inputs
and performances are compared for both MEMS and ST-MEMS.

Case 1

To start with, the bounds for speed and torque are taken from the raw data used for finding the fitting

functions in Equation 3-3.

®,., = 83.76(min(®)from the raw data for ICE) ®jce = 251.31(max(w)from the raw data for ICE)
Tice = —86.15(min(7)from the raw data for ICE) Tice = 689.84(max (7)from the raw data for ICE)
@,01 = 26.18(min(w)from the raw data for MG1) Ope1 = 811.57(max(w)from the raw data for MG1)

—315(min(7)from the raw data for MG1) Tmg1 = 315(max(7)from the raw data for MG1)
(4-1

Imgl =

The power demand to the drive v4 is given by a sinusoidal wave of amplitude 120 kW and frequency

1 rad/s as shown in Figure 4-1. The SOC is set as 50% and A is set as 1. The other exogenous loads

v1,V2,v3 are set as 0.

Anand Srikrishna Master of Science Thesis



4-1 Simulation Results 29

Power Demand of the Drive
T T T

150

v, (kW)

150 I 1 I L I I

Figure 4-1: Power Demand of the Drive v4

The speed of ICE in MEMS is chosen from a drive cycle to run MEMS.The ICE speed is plotted

below and 180 rad/s is chosen as the value of the speed from this plot.

200 Speed of ICE in MEMS
T

(rad/s)

“ice

0 50 100 150 200 250 300 350
Time

Figure 4-2: Speed of ICE - MEMS

First, the power loss function Y,c 7 Yxcz Cmttm ik — dnymi is calculated for both the MEMS and
ST-MEMS and plotted together for comparison in Figure 4-3.
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Power Loss Comparisons

T — Spec-Torque coupled MENS
— MEMS

Power Loss(kw)

Figure 4-3: Power Loss Comparison - MEMS vs ST-MEMS (Case 1)

As shown above, the power loss is much lower for the ST-MEMS compared to the MEMS. To check
if the constraints are satisfied, first the node balance in all 4 nodes is checked for both MEMS and
ST-MEMS and plotted in Figure 4-4. From the plot, the power balance in the nodes is almost zero. It

is also observed that the power balance in Node 1 reaches zero in the ST-MEMS case compared to the
MEMS case.

Node Balance Constraint Comparisons ——SpeckTorque couplod MEMS
— NS
Node

Figure 4-4: Total Power into and out of the Nodes (Case 1)
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Figure 4-5: Speed and Torque - ICE and MG1 (Case 1)

In case of the ST-MEMS, another constraint which needs to be satisfied is the gearset constraint
coupling the speed and torque of ICE and MG1 given in Equation 3-9. Thus, the speed and torque
for these 2 subsystems are plotted in Figure 4-5. Additionally, the minimum and maximum values for

speed-and torque (w, ®, T, T) are shown in the graphs.

The final check is with respect to the power demand, i.e., if y,g> reaches v4. This is checked in the

plot in Figure 4-6. From the plots, it is observed that the power demand are satisfied.

From the speed-torque graph, it is observed that the ICE is run at minimum possible speed. For better
comparison, output power from ICE and MG1 are also calculated and plotted for both MEMS and
ST-MEMS case in 4-7b and 4-7c. From the plots, it is observed that the ICE-MG1 setup gives out
lesser power in the ST-MEMS compared to MEMS which explains the lower power loss in ST-MEMS.

For Case 1, in ST-MEMS, the power demand is satisfied despite the ICE running in minimal possible
speed, which means the HVB should provide higher power than the ICE and MG to satisfy the power
requirements. This is checked by comparing the output power of the HVB of the speed-torque MEMS
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to the same in MEMS in 4-7a.

It is observed that the output HVB power for the speed-torque MEMS is higher than the demanded
power v4 and the power output from ICE and MGI are much lower in comparison. Thus, for this
power demand, the algorithm chooses to use as much HVB power as possible to satisfy the demand.

This result is kept as the base against which the inputs will be changed and compared to.

150 Motor Output Power vs Power Demand of the Drive - MEMS

100 - q

50 Bl

Power (kW)

-100 H

-150

0 10 20 30 40 50
Time

(a) MEMS (Case 1)

Mq‘;%r Output Power vs Power Demand of the Drive - Speed-Torque MEMS
5

100

Power (kW)

-100 |

Time

(b) ST-MEMS (Case 1)

Figure 4-6: Power Demand vs Motor Output Power (Case 1)
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Battery Output Power vs Power Demand of the Drive
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Figure 4-7: Subsystem Output Power Comparison (Case 1)
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Case 2

To simulate this case, some of the inputs are kept the same as in Case 1. The changes applied are to the
initial SOC which is now reduced to 10%. It is expected that more energy from the ICE will be used
in comparison to the HVB as the HVB needs to be charged. In the Simulink block, it is programmed
for the minimum charge to be 10%. Thus, consuming any more charge and taking it below 10% will

make the algorithm infeasible.

Similar to the previous case, the power loss function is checked first by plotting the power loss as in

Figure 4-8. Similar to the previous case, the power loss is much lower for the ST-MEMS.

Power Loss

150

—Speed-Torque coupled MEMS
—MEMS

160 - i

10— -

- =

100 o

Power Loss(kW)
T

40 .

Figure 4-8: Power Loss Comparison - MEMS vs ST-MEMS (Case 2)

Now, the constraint checks are performed. First, the node balance constraints are checked. In this
case, the MEMS satisfies the constraint better than ST-MEMS. There are some larger deviations from
zero compared to the previous case. To understand the deviation, the output powers will be checked

along with the speed-torque coupling constraint.
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Node Balance Constraint Comparisons
Node 1

——Speed-Torque coupled MEMS
—MEMS

Figure 4-9: Total Power into and out of the Nodes (Case 2)
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Figure 4-10

(b) Torque 7 (Case 2)

: Speed and Torque - ICE and MG1 (Case 2)
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The gearset constraint coupling the speed and torque of ICE and MG1 is now checked. The speed and

torque for these 2 subsystems, the minimum and maximum values for speed-and torque are plotted in

Figure 4-10. From the plots, it is observed that there is an initial spike in the ICE speed and torque

but then, it instantly reduces to the minimal speed again, thus operating the ICE only at the minimum

required speed. However, the gearset constraint is satisfied.

The final check is if the power demand is satisfied as plotted in Figure 4-11. For MEMS, it is observed

that the output power of the motor y,,e is almost the same as in Case 1. However, there are slight

deviations in the ST-MEMS which is causing the power imbalance at the nodes.

Motor Output Power vs Power Demand of the Drive - MEMS

Power (kW)

(@) MEMS (Case 2)

M:{I;ril]r Output Power vs Power Demand of the Drive - Speed-Torque MEMS

100 |

Power (kW)

-100 |

(b) ST-MEMS (Case 2)

Figure 4-11: Power Demand vs Motor Output Power (Case 2)

Similar to Case 1, it is important to compare the output power of the HVB of the ST-MEMS to the

same in MEMS as seen in 4-12a. The HVB power is also compared to the output powers of ICE and

MGT1 which are plotted in 4-12b and 4-12c¢ respectively.
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Figure 4-12: Subsystem Output Power Comparison (Case 2)
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The output power for ICE and MGI in case of ST-MEMS is similar except for the spike in the initial
stages due to the spike in speed and torque. Thus, the output from the ICE-MGI setup is still low.
Comparing the output powers of the HVB to the case in 4-7a, the power is much lower in Case 2 as
the HVB power is almost equal to the power demand in Case 1. Thus, Case 2 uses lesser HVB power

as expected (due to the lower initial SOC).

Similarly, MEMS also uses much lesser power from the HVB in Case 2 compared to Case 1. Thus,
the behaviour of MEMS and ST-MEMS is almost the same in terms of HVB usage. However, the

power balance is not achieved in the latter.

It is important to investigate the reason for the nodal balance is investigated. The main difference
from the previous case is the spike in speed. To analyze why the spike exists, the Lagrangian variables

Ui, Wo, U3 are examined by plotting them as shown in Figure 4-13.

.........

(a) u; Individual Values (Case 2)

1 and iy

(b) 2 (Case 2)

Figure 4-13: Lagrangian Variables (Case 2)
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While matching the time instance at which the spike in speed and torque occurs, the (i, and pz values
change instantly as indicated by the green circle in 4-14b. An attempt is made to saturate these

Lagrangian variables. The bounds are tuned till the best possible result is obtained.

The bounds are u; € [—100, 100], u» € [—1000, 1000], us € [—1000, 1000]. The new Lagrangian vari-
able update with these bounds is plotted in

(a) pq Individual Values (Case 2) with bounds

1 and iy

i B

(b) u; (Case 2) with bounds

Figure 4-14: Lagrangian Variables (Case 2) with bounds

The power balance in the nodes is checked first and plotted in Figure 4-15. As observed, the power
balance improves in node 2. However, in node 4, there is a large power imbalance and in node 1, there

are periodic spikes away from zero.
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Figure 4-15: Total Power into and out of the Nodes (Case 2) with bounds on u
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Figure 4-16: Speed and Torque - ICE and MG1 (Case 2) with bounds on u
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To check the imbalance in node 1, the speed and torque of ICE and MG1 are plotted and analyzed in
Figure 4-16. The algorithm still runs the ICE in the lowest speed possible but there are few spikes in

the torque. This causes the spikes in the power balance of nodes 1 and 2.

The reason for the imbalance in node 4 can be observed by plotting the Figure 4-17. There is clearly

a deviation in the peak, i.e., the peak power is not achieved causing the imbalance in node 4.

150 Motor Output Power vs Power Demand of the Drive - Speed Tovque MEMS
B T

u I l

Power (kW)

100 \ \ \ \ \ [
\ \ \ \ \

Figure 4-17: Power Demand vs Motor Output Power (Case 2) with bounds on u

Thus, in this case, with the charge being low, the algorithm decides that the best possible scenario to
achieve nodal power balance is to run the ICE at minimal power. The algorithm decides to not use the
ICE despite not being able to use the HVB (as it is in low charge) and not achieving the full power

demand.

Thus, in this case, there has to be a compromise between achieving better nodal power balance (with
bounds on u) and achieving power demand as close as possible (without bounds on ). This is the

first observed shortcoming of the algorithm, i.e., the ICE is not used properly even if forced to use it.

To confirm this hypothesis, the ICE is forced to operate at a much higher power (higher speed and
torque) in the next case(s). The setup will be run at a different initial SOC and EF A values to check
if the ICE can operate appropriately in different HVB conditions according to the required power.

The checkpoints to verify the working of the OCP, i.e., the power loss, the power balance in the nodes
and the speed-torque constraint are not reported. The main outputs to be examined and reported are

the power out of ICE and HVB and how these results support the hypothesis.
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Case 3

To force the ICE to operate at a higher power, the bounds of ®,.,, @jce, T

D Tice are increased. These

ice’
bounds are set using the results of the previous cases from the original MEMS algorithm. They are

set at -

®,, =180 @ =251.31
T, =44444 T, =689.84
26.18 @y = 811.57
—315 Ty =315

(4-2)
ngl =

Tingl =
This case is divided into sub-cases :

3a) Initial SOC =90%

3b) Initial SOC = 50%

3c) Initial SOC = 10%

The remaining inputs are kept the same as in Case 2. For Case 3b), the power loss function, constraints

and power balance are not checked for the above cases.

First, the power loss function and constraints are checked for all cases. The plots are shown in Fig-
ure 4-18 - Figure 4-21 for Case 3b.

Figure 4-18: Power Loss Comparison - MEMS vs ST-MEMS (Case 3b)
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Figure 4-20

(b) Torque 7 (Case 3b)

: Speed and Torque - ICE and MG1 (Case 3b)
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Figure 4-21: Power Demand vs Motor Output Power (Case 3b)
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Figure 4-22: Subsystem Output Power Comparison (Case 3b)
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The plots in Figure 4-18 - Figure 4-21 indicate that the power loss is lower in case MEMS and the
constraints and power demand are satisfied in both MEMS and ST-MEMS. As discussed previously,
the output powers of ICE and HVB are now compared for the 3 sub-cases with different initial SOCs
by plotting them as seen in Figure 4-22.

From 4-22a, it is clear that the ST-MEMS produces the constant, minimum required power in the ICE,
1.€. Yice = @;,Tice- In comparison, MEMS, with increasing order of initial SOC, the output power of
ICE decreases. This is consistent as a lower SOC forces the ICE to satisfy the power demand. This
also explains why the power loss seen in Figure 4-18 is higher in ST-MEMS compared to MEMS.
In ST-MEMS a constant minimum required power is produced irrespective of the power demand and
in MEMS, the ICE output power follows a sinusoidal path to align with the instantaneous power
demand. Thus, the power loss in ICE is higher in ST-MEMS. For a better comparison, the power loss
in ICE alone (u#jce — yice) is plotted in Figure 4-23 and it is observed that the power loss is higher in
ST-MEMS.

Power Loss Comparisons.
—Spoed

—MEMS

Figure 4-23: ICE Power Loss Comparison - MEMS vs ST-MEMS (Case 3b)

The HVB, on the other hand, produces a higher output power with a higher SOC as seen in 4-22b.
In ST-MEMS, irrespective of the initial SOC, same amount of power comes out of the HVB. Even
for initial SOC of 10%, the peak output power from the HVB is the same for ST-MEMS. However,
in MEMS, the output power of the HVB increases with increasing initial SOCs. For both MEMS
and ST-MEMS, the trough is lower in the negative axis compared to the other SOC cases. This is
consistent as a lower negative value means higher power is given to the HVB to be charged.

The above obtained results support the hypothesis made after Case 2 about the ST-MEMS. On forcing
the ICE to run by starting at a low HVB charge, the ICE still provides the minimum power possible and
extracts the remaining required power from the HVB. In MEMS, the power distribution is managed

between ICE and HVB in a better way by taking into account the initial SOC.

In the next case, the EF A is be varied and the power distribution between the ICE and HVB is checked.
Similar to Case 3, the power loss, the power balance in the nodes and the speed-torque constraint is
reported only for one value of A and the power out of ICE and HVB is checked for each value of A.
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Case 4

The bounds of ®;.,, Djce, T Tice are kept the same as in Case 3. The initial SOC is kept at 10%.

—Ice’

This case is also divided into sub-cases :

4a) A =1
4b) A =5
4c) A =10

The effect of increasing A should be that higher priority is given to charge the HVB and use the ICE

for satisfying the power demand.

Similar to the previous case, the power loss function is checked for one of the above cases, specifically,

Case 4c.

First, the power loss function and constraints are checked for Case 4c. The plot is shown in Figure 4-
24 for Case 4c.

Power Loss Comparisons
T T T

—Speed-Torque coupled MEMS

—MEMS

Power Loss(kW)

Time

Figure 4-24: Power Loss Comparison - MEMS vs ST-MEMS (Case 4c)

Figure 4-24 indicates that the power loss for MEMS has a peak higher than ST-MEMS but overall, the
former has a lesser power loss than the latter. The next step is to check the constraints and the power

demand and they are satisfied as performed in Case 3b.

The output powers of ICE and HVB are now compared for the 3 sub-cases with different EF A by

plotting them as seen in Figure 4-25.
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Figure 4-25: Subsystem Output Power Comparison (Case 4)

While the the ST-MEMS produces the constant, minimum required power in the ICE as seen from

4-25a, MEMS produces higher output power in ICE for a higher A. This is consistent as a higher

A forces the HVB to be charged and use the ICE to satisfy the power demand. As seen in Case 3b,

the power loss in ICE alone (u;ce — yice) 1s plotted in Figure 4-26 to check if it explains the result in

Figure 4-24. It is indeed observed that the power loss peak is higher in MEMS but in the remaining

points, MEMS is able to achieve a lower power loss in comparison to ST-MEMS.
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Power Loss Comparisons - ICE

- Torque coupled MEMS
—r\n \1%

T

Figure 4-26: ICE Power Loss Comparison - MEMS vs ST-MEMS (Case 4)

Power Loss(ki)
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The output power of HVB in 4-25b suggests that lower power is produced for higher A values in
MEMS, while the same amount of power is produced in ST-MEMS. Thus, irrespective of the A value,
the ST-MEMS produces the same power distribution while MEMS adjusts for A.

The above obtained results support the hypothesis made after Case 2 about the ST-MEMS. On forcing
the ICE to run by prioritizing HVB charging, the ICE still provides the minimum power possible and
extracts the remaining required power from the HVB. In MEMS, the power distribution is managed
between ICE and HVB in a better way by taking into account the EF A.

Case 5

In this case, the effect of the minimum bounds of speed and torque of the ICE (®,,, and 7,.,). 3 cases

—lce

are considered :
5a) w,., =180 Tice = 444.44
5b) @, =120 T, =300
5¢) w,., =100 Tice = 100

The other bounds are kept the same as in the previous case. The initial SOC is set to 50% and A is set
to 1. For this case, the power loss function and the constraints are not focussed upon, but instead, the

output power of the HVB and ICE is focussed upon.

In this case, only the MEMS is studied as the MEMS algorithm uses a constant known speed for ICE.
The power distribution between ICE and HVB is examined for the different speed bounds. The output
power of the ICE and HVB are plotted in Figure 4-27.
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ICE Output Power - Speed-Torque coupled MEMS
T T T

Figure 4-27: ICE Power Loss Comparison - MEMS vs ST-MEMS (Case 5)

From the plot above, the constant, minimum required power in the ICE, i.e. yi.. = ®,.,7;.. is produced
for all bounds. Thus, the output power of the ICE is higher where the minimum required speed and
torque are the higher. When the ICE gives higher power, the HVB power should give lesser power. It
is observed that it is indeed the case, as the output power of the HVB is higher where the minimum
required speed and torque are the lower. This result is ideal as it distributes the power between ICE

and HVB properly.

Case 6

In all the previous cases, the ICE operated at the minimal speed an torque possible and the MG1
operated according to the gearset constraint. In this case, the ICE is forced to run at a higher speed
and torque by increasing the minimum bounds of the MG1. The gearset constraint alone is checked

in this case. The power loss function, node balance constraint and power demand is not checked.

The initial SOC is set as 50%, A is set as 1 and other inputs are kept the same as in the previous case.

The bounds are changed as :

®,, =100 @ =25131
e =200 T, =689.84
@pg1 =450 @Bpg1 =811.57

—200  Tyg = —70

T
4-3)

T

Lmgl —

The ST-MEMS algorithm is run and the speed and torque outputs are plotted in Figure 4-28. It is
observed that by limiting the bounds of MG1, the ICE adapts to the change and it no longer runs
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at its minimum speed and torque. This proves that the optimization algorithm ensures the gearbox
constraint is satisfied and the algorithm is able to adjust itself to satisfy the bounds. Another interesting
observation is that the algorithm chooses to run the MG1 at the maximum torque, thus making the
ICE run at the minimum torque possible, as they follow reverse signs as per Equation 3-9. This means
that the ST-MEMS algorithm chooses to run the ICE at the minimum possible power to reduce the

overall power loss.
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Figure 4-28: Speed and Torque - ICE and MG1 (Case 3b)
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Case 7

In this case, the effect of non-zero exogenous inputs are checked. Thus, vy, v; is kept non-zero for this

case, specifically :

vy = 50 (affecting Node 1)
vp = 50 (affecting Node 2)

(4-4)

The rest of the inputs are kept the same as in the previous cases.

The power balance at the nodes are checked in this particular Casefor both MEMS and ST-MEMS as

seen in Figure 4-29.

Node Balance Constraint Comparisons
Node 1

Figure 4-29: Total Power into and out of the Nodes (Case 7)

As observed, the power balance is not affected for Node 2 in ST-MEMS but the sum of powers in and
out of Node 1 equals to input exogenous load v; and not zero. The reasoning for this can be derived

from Equation 2-2 as follows :

V1 = Yice = Ymgl = 0
Taking LHS : vi — yice — Ymg1 (4-5)
From Equation 3-13

= V1 — OjceTice — Dmgl Tmgl
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Recalling that

Thus, LHS now becomes :

Yice = WjceTice

Ymgl = WOmgl Tmgl

3Wice = Wpmgl
—1
Tfice = Tmgl
—1
= V1 — WjceTice — (3 wice) (?Tice)

= V1 — Wjce Tice T Wjce Tice
=11 #0

ICE and MG1 Output Power - Speed-Torque coupled MEMS

(4-6)

(4-7)

Output Power (kW)
T

—ICE
—MGl|

Time

ICE and MG1 Output Power - MEMS

45 50

Output Power (kW)

Figure 4-30: Comparison of the output power of the ICE and MG1 for MEMS and ST-MEMS(Case 7)

Thus, power balance can never be achieved in the nodes if the gearset constraints in Equation 3-9

are satisfied. Since ST-MEMS prioritizes this constraint, it ensures that y;c.. + yme1 = 0. However, in

MEMS adjusts both the powers as per the load v;. This is clear from the output power comparison

plot in Figure 4-30. The output power of ICE and MG1 have the same magnitude but have opposite
signs in ST-MEMS. However, in MEMS there is a difference in the peak of ICE and trough of MG1

thus showing that MEMS adjusts for satisfying the Node 1 constraint.
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4-2 Advantages and Disadvantages of the ST-MEMS

From the results obtained in the Section 4-1, it is observed that the ST-MEMS has certain advantages
in general and in comparison with MEMS. The advantages are :

* On introducing bounds for speed and torque, these constraints are satisfied in all cases. This
makes the bounds for speed and torque for ICE and MG1 a degree of freedom, unlike MEMS

where the bounds for power cannot be set and the speed of subsystems are not controllable.

* On operating MEMS and ST-MEMS in the speed and torque bounds given in the raw data, the
power losses are significantly minimized in comparison with MEMS and the constraints are

followed.

 Since most series-hybrid powertrains involve the same 2 subsystems (ICE and MG1), the mod-

ularity and flexibility is still preserved despite changing the optimization algorithm.
However, from the results, the below mentioned disadvantages are also observed :

* The ST-MEMS does not adapt well if the HVB cannot provide enough power. There are cases
where the algorithm chooses to not satisfy the power demand when the HVB is limited in its
operation. On the other hand, MEMS distributes the power between HVB and ICE according
to the limitations of the HVB and ICE.

* On forcing the ICE to run on higher power and use lesser power from the HVB, i.e., the mini-
mum bound chosen for the speed and torque is high, the power loss for ST-MEMS tends to be
slightly higher than MEMS.

* In case of a non-zero exogenous load, ST-MEMS does not satisfy the power balance constraint

in the nodes.

4-3 Alternate Suggestion

The disadvantages with ST-MEMS stem from the fact that the ICE runs at the minimal speed, torque
and therefore minimum power possible. This limits the performance of the algorithm when the HVB

is limited. This also leads to the imbalance of power in Node 1.

A possible reason is that the ICE and MG1 power is decided based on the speed and torque at which
the power loss is minimum. The speed and torque are decided based on minimizing the power loss and
this speed and torque is used to calculate the output power of these subsystems. Instead, the output
power needs to be first decided for these subsystems and then the speed and torque needs to be fixed

for that optimal output power such that the power loss is minimal.

Master of Science Thesis Anand Srikrishna



54 Results and Discussions

The suggested algorithm is treated as a combination of MEMS and ST-MEMS and is formulated as
follows. First the optimal power distribution is derived by solving the MEMS algorithm with the

known data for subsystem speed in Equation 1-17.

tmIm et ket

+ Micttnyp i
* * * * * * _ vb,
uice.,k’yice,kv umgl,kﬂymgl,k"'ubra.,k’yhra,k =arg

1
s.t. Ym k + Eq;n,kuzn’k + fm.,kum,k + Cmk = 0

U k < Um k < ﬁm,k

(4-8)

From this optimal power distribution, the optimal speed (®*) and torque (7*) for ICE and MG is
derived from Equation 3-16 as :

. (O wm,k
min ). [(Dm,k Tm.k} Omic | " | +mk
Oy ks Tk ket ka ka
w*
[ :”7]‘] =arg S.t. Wy ke T ke —yf;hk =0 (4-9)
k _
" O< W <O

1<Tm,k§f

The above method is implemented in MATLAB/Simulink and the working is analyzed in the below
section by using the optimal power distribution results in MEMS. Thus, first the MEMS algorithm is
implemented and outside this loop, the output power of the subsystems are given to another block to

calculate the optimal speed and torque of the subsystems as per the optimal power distribution.

4-3-1 Results for Alternate Suggestion

For this section, a combination of multiple cases in section 4-1 is set as inputs. The main checkpoints
will be if the constraints in Equation 4-9 are satisfied. The power balance in the nodes, the power
demand and the output power distribution of the ICE and HVB with changing initial SOC and EF A
remain the same as in the results of MEMS in section 4-1. The reason for this is that the output power
is derived from MEMS and the optimal power is then taken as a constant to solve the OCP to find the

speed-torque distribution.

First the speed and torque is plotted as shown in Figure 4-31. It is observed that the gearset constraint
is obeyed and the ICE is able to operate at a speed and torque above its preset minimal bounds. The
speed and torque is also able to follow a sinusoidal path according to the power demand and output

power as seen in the previous cases.
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Figure 4-31: Speed and Torque - ICE and MG1 (Alternate Case)

The next check is if the constraint in @y, x Tk — ¥, ; = 0 is obeyed as seen in Figure 4-32. It is
observed that this condition is not fully satisfied. However, the speed-torque curves follow the trend

of the output power curve and get saturated. This could be due to the non-convexity in the problem.
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ICE Output Power - Alternate Speed-Torque coupled MEMS
T T T T

Output Power (kW)

Time

MG1 Output Power - Alternate Speed-Torque coupled MEMS
T T T T T

Output Power (kW)
§
.

Figure 4-32: Output Power of ICE and MG1 vs Product of Speed and Torque- Alternate Case

The final check is if the speed and torque can be adjusted if the HVB is limited in its capacity. Thus,
the speed and torque for ICE are plotted for A = 1 and initial SOC at 10% and 50% in Figure 4-33.
The speed of and torque of ICE at 10% is mariginally higher than those at 50%. The new algorithm

clearly adjusts for a different initial SOC and extracts more from the ICE for a lower charge.

ICE Speed
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Figure 4-33: Speed and Torque for ICE for different SOC - Alternate Case

Next initial SOC is kept at 10% and A is varied at 1 and 10 and the speed and torque are plotted in
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Figure 4-34. The ICE runs at a lower speed and torque at the higher value of A, which is consistent as
the HVB needs to be charged and ICE needs to satisfy the power demand.The new algorithm clearly
adjusts for a different EF and runs the ICE more for a higher EF.
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Figure 4-34: Speed and Torque for ICE for different A - Alternate Case

Thus, the limitations that the ST-MEMS operates the ICE at minimal power despite the HVB being
limited in its operation is solved here. The speed and torque is adjusted when the HVB is limited.
Despite the theoretical limitations, this algorithm already proves that it is effective if the power distri-
bution is decided first and then, the speed-torque distribution is decided. Also, the advantages of the

ST-MEMS in terms of choosing the bounds for speed and torque for ICE and MGl is preserved.

However, this method still uses the subsystem speed data to calculate the optimal power distribution.
In an ideal situation, the power distribution has to be obtained without using the speed data to achieve
the knowledge of optimal speed and torque. Additionally, the OCP in Equation 4-9 can be non-convex.

Thus, the solution may not always be optimal.

4-4 Recommendations for Future Work

The factors which can be considered to improve the results of the work in this thesis are :

* A way to find the optimal power distribution without using the subsystem speed data such
that this power distribution can be used to find the optimal speed and torque of operating the
subsystems as per the obtained power distribution can be formulated. Additionally, methods

can be explored to approximate the problem into a convex problem.
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* The OCP can be extended to add other flow variables such as current to the MG2 apart from the
subsystem speeds. Instead of the gearset, components like the DC/DC Converter and Inverter
can be considered as nodes and power balance can be done in these nodes. It is possible to
expand this notion to other systems like power grids, production lines, etc. which involve

power flow and can be divided into nodes.

* The impact of hyper-parameters such as the Lagrangian variables up, U, us and their bounds

can be explored.

* Implement the above methods in a closed-loop vehicle of a full vehicle and analyze other factors
which impact the power distribution and how they can be optimized using methods such as
A-ECMS which adjusts the hyper-parameter A. Another factor which can be considered is
increasing or decreasing the number of batteries connected in series/parallel which can impact

the power from the ICE.

* Another aspect to be analyzed in the ST-MEMS is its performance with respect to computational
time and iterations and comparison of these aspects with MEMS. As optimal power distribu-
tion is not achieved in the ST-MEMS implemented in this thesis, the analysis with respect to

computational time is not performed.
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Chapter 5

Conclusion

In this thesis, an HEV powertrain EMS called ECMS is introduced first. A modular algorithm called
MEMS is introduced as an EMS and the formulation of its OCP is discussed. Its advantages with
respect to how it derives the optimal power and torque distribution in the subsystems along with
ensuring modularity, flexibility and computational speed is summarized. One of the shortcomings of
the algorithm is that it does not consider powertrain subsystem speed an optimization variable and
thus, the research question is raised : Can the subsystems be run at optimal speed along with power

and torque ?

To achieve this, the objective functions and constraints in the OCP of MEMS are fitted as quadratic
functions of speed and torque of the ICE and MG1. Least squares fitting is used for the quadratic
function fittings. The MEMS OCP for ICE and MG1 is then converted to a quadratic programming
problem of speed and torque of these subsystems as optimization variables. This new OCP is then

termed as ST-MEMS used to find the optimal speed and torque.

The system used is the powertrain of a series-hybrid wheel loader and the powertrain topology is stud-
ied to formulate the ST-MEMS. The simulations for ST-MEMS is carried out in MATLAB/Simulink.
A variety of cases with different inputs are simulated and their results are analyzed. The advantages
observed are that the minimum and maximum bounds for speed and torque of the subsystems are
added as degrees of freedom while preserving the optimality, modularity and flexibility of the original
MEMS. the disadvantages, however, are that the ST-MEMS always runs the ICE at the minimum
speed possible even if the HVB is limited and the power demand to the wheels of the vehicle is not
satisfied, thus not providing an effective power distribution within the powertrain. A possible reason
for this is that in ST-MEMS is that the speed and torque is first selected to minimize power losses. The

suggestion is then given to first decide the optimal power distribution and then, the speed and torque
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should then be decided to maintain this power distribution. To validate this, the MEMS algorithm is
run to first find the optimal power distribution and then this result is used to find the optimal speed
and torque distribution for the obtained optimal power such that the power loss is minimum for the
obtained speed and torque as per the OCP in ST-MEMS. It is observed that using the power distri-
bution to find the optimal speed and torque can combine the advantages of MEMS and ST-MEMS.
However, this method cannot be considered sacrosanct as it still uses the speed information to obtain
the optimal power distribution. Thus, for the future, it is important to derive a method to obtain an

optimal power distribution without using the speed data to improve these results further.
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List of Acronyms

HEV
MEMS
EMS
ECMS
DP
ICE
SOC
HVB
BRA
EM
ocCp
EF

OB
HVB
A-ECMS
MG
EBR
GB

HP

Hybrid Electric Vehicles
Modular ECMS

Energy Management Systems
Equivalent Consumption Minimization Strategy
Dynamic Programming
Internal Combustion Engine
State-of-Charge

High Voltage Battery

Brakes

Electric Machine

Optimal Control Problem
equivalent factor
Optimization-based
High-Voltage Battery
Adaptive ECMS
Motor/Generator

Electric Brake Resistor

Gear Box

Hydraulic Pump

Anand Srikrishna

Glossary

Master of Science Thesis



BIBLIOGRAPHY 65

BMS Battery Management System
VAF Variance Accounted For
ST-MEMS  Speed-Torque Coupled MEMS

Master of Science Thesis Anand Srikrishna



	Front Matter
	Cover Page
	Title Page
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgments

	Main Matter
	Introduction
	ECMS
	Modular ECMS (MEMS)


	Series-Hybrid Wheel Loader
	Powertrain Topology

	Speed-Torque Coupled MEMS
	Power Loss Functions
	Alternate Formulation

	Revised Algorithm

	Results and Discussions
	Simulation Results
	Advantages and Disadvantages of the ST-MEMS
	Alternate Suggestion
	Results for Alternate Suggestion

	Recommendations for Future Work

	Conclusion
	List of Acronyms



