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Abstract

This study presents a unified state-space model of an electric vehicle (EV) powertrain that explicitly
captures the dynamic coupling between electrochemical battery behaviour, energy depletion, and
electromechanical drivetrain dynamics. A Thevenin battery model, augmented with a State-of-
Charge (SOC) state, is algebraically combined with a Permanent Magnet Synchronous Motor (PMSM)
drivetrain to form a single fourth-order linear time-invariant system, eliminating algebraic loops and
enabling system-level eigenstructure analysis. Beyond subsystem integration, the proposed
formulation reveals how battery internal dynamics introduce additional slow modes that reshape the
damping and transient response of the drivetrain, even in open-loop operation. Eigenvalue analysis
and time-domain simulations demonstrate that battery parameters and energy dynamics directly
influence motor current overshoot, voltage sag, and long-term energy behaviour during load
disturbances and regenerative operation. The results show that battery dynamics are not passive
energy elements but active contributors to EV powertrain behaviour, highlighting the necessity of
unified modelling for accurate transient analysis and for future motor control and battery
management system co-design.

Keywords: unified EV powertrain modelling; Thevenin battery model with SOC; PMSM drivetrain
dynamics; eigenvalue and transient analysis; battery—motor dynamic coupling

1. Introduction

1.1. Purpose and Scope

The primary purpose of this project is to develop a comprehensive mathematical model for the
system dynamics of an electric vehicle (EV). The scope will focus specifically on the EV’s drivetrain
and battery subsystems. By creating this model, the project aims to analyse the system’s overall
transient and steady-state performance.

System analysis is critical for this project because it provides the tools to understand and predict
an EV’s behaviour under various operating conditions. By analysing the system’s performance —such
as its response to sudden acceleration (transient) or its behaviour during highway cruising (steady-
state) —we can design more efficient, stable, and responsive control systems for motor speed and
battery management.

While individual battery and drivetrain models are well established in the literature, their
interaction is often treated implicitly or numerically. The original contribution of this work lies in the
analytical formulation and interpretation of a unified state-space representation that reveals how
electrochemical battery dynamics modify the eigenstructure and transient behaviour of the
electromechanical drivetrain. This system-level perspective enables insights that are not observable
in isolated subsystem models.
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In addition to voltage and electromechanical dynamics, this work explicitly incorporates battery
energy depletion through a State-of-Charge (SOC) state. This extension enables the model to capture
both short-term transient power behaviour and long-term energy usage within a single unified
framework. The inclusion of SOC allows the system to be analysed across multiple time scales,
providing insight into interactions between fast electrical dynamics, intermediate electromechanical
dynamics, and slow energy depletion effects.

1.2. Modelling Approach Overview

To model the complex interactions between the motor, battery, and vehicle dynamics, this
project will utilize the State-Space representation. While other methods like Laplace or Fourier
transforms are available for system analysis, the State-Space approach is exceptionally powerful for
this application. It allows to model multiple-input, multiple-output (MIMO) systems, providing a
complete internal description of the system’s state (e.g., motor current, vehicle speed, battery charge)
rather than just a single input-output relationship. This project will focus on deriving the linearized
state-space models for the core components.

1.3. Role of Al

In this project, Al could potentially be used to assist in the analysis of the complex state-space
results or to help in the system definition or block modelling phase within the simulation
environment, helping to validate or refine the component models.

2. Literature Review

This project builds upon established research in electric vehicle modelling, which often analyses
the system’s components separately. The literature provides strong foundations for modelling the
individual subsystems, such as the battery, the motor, and the overall powertrain dynamics.

A primary component of the EV drivetrain is the electric motor. Buberger et al. (2022) provide a
detailed state-space model for a Permanent Magnet Synchronous Motor (PMSM), a common type
used in modern EVs. The work focuses on creating a high-fidelity model that includes effects like
laminated cores, which is essential for designing model-based control systems [3]. This provides a
component-level state-space formulation for the motor, which is a key part of the proposed system.

Beyond the motor, the overall powertrain model, which includes the battery and vehicle
dynamics, is crucial. Fotouhi et al. (2021) present a comprehensive EV powertrain model designed
for assessment using real-world driving cycles. The work outlines the mathematical models for the
battery (using an equivalent circuit), the power electronics, the motor, and the longitudinal vehicle
dynamics [2]. This study is central to the project as it defines the complete system structure and the
dynamic equations that link these components together.

Finally, the battery system itself can be complex, especially when considering its role in the wider
power grid. Ma, Li, and Zhang (2012) demonstrate the use of a state-space model to represent
aggregated EV batteries for the purpose of grid frequency regulation [1]. While the work focuses on
a large fleet (Vehicle-to-Grid), the fundamental method of using a state-space approach to capture
battery dynamics is directly applicable to the single-vehicle model in this project.

While high-fidelity models of EV subsystems exist, fewer studies explicitly analyse how
electrochemical battery dynamics alter the eigenstructure and transient response of the coupled
drivetrain when formulated in a unified state-space framework. This work addresses this gap by
providing system-level analytical insight into battery—drivetrain coupling effects. By combining the
detailed motor physics [3], the comprehensive powertrain structure [2], and the dynamic battery
representation [1], this project will create a unified system model. This will allow for a complete
analysis of system poles, stability, and time-domain performance, which is a key requirement of the
project.
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3. Problem Definition

The central problem is to understand and predict the dynamic performance of an electric vehicle.
Before a complex controller (like one for traction or adaptive cruise control) can be designed, a reliable
mathematical model of the “plant” (the EV itself) is required. This project tackles the challenge of
creating such a model.

The system under analysis is a simplified EV powertrain, which is broken down into three core
subsystems:

1. The Battery: The power source, modelled as a Thevenin equivalent circuit. This includes an
open-circuit voltage source, an internal resistance, and a resistor-capacitor (RC) pair to capture
the transient dynamics of ion transfer, as seen in models used for grid aggregation and
powertrain simulation.

2. The Drivetrain (Motor, Inverter, Gearbox): This is the “actuator” block. It converts electrical
power from the battery into mechanical torque. We will model a Permanent Magnet
Synchronous Motor (PMSM), simplifying the inverter and gearbox as linear gains, per the
project proposal. The motor model includes electrical dynamics (inductance, resistance) and
mechanical dynamics (inertia, friction).

3. Vehicle Dynamics (The Load): This subsystem represents the vehicle’s longitudinal motion. The
torque from the motor (via the gearbox) is used to overcome aerodynamic drag, rolling
resistance, gravitational forces (grade), and to accelerate the vehicle’s mass.

To make the analysis feasible, we assume linearized models. This means we will model the
system around a specific operating point (e.g., cruising at 50 km/h). Non-linear effects like complex
aerodynamics or battery degradation are simplified.

3.1. Input—Output Relationships and State Definitions

3.1.1. System Inputs (u)

1. Battery Open-Circuit Voltage (u, = V,,)
Represents the nominal voltage level of the battery pack around the selected operating point.
2. Load Disturbance Torque (u; = T;qq)
Represents external mechanical disturbances such as road grade, aerodynamic drag variation,
or vehicle loading.

3.1.2. System State Vector (x)

The unified model is represented by the following state vector:
Ve
l

wm

Soc

X =

where:

e  V;: Battery Thevenin capacitor voltage (electrochemical dynamics)

e  i,: Motor armature current (electrical dynamics)

*  w,: Motor angular velocity (electromechanical dynamics)

e  S50C: Battery State-of-Charge (long-term energy depletion dynamics)

3.1.3. System Outputs (y)

The system outputs are selected directly as the internal states:

1. Battery Capacitor Voltage (V)
2. Motor Armature Current (i)
3. Motor Angular Velocity (w,)
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4. Battery State-of-Charge (SOC)

This output selection provides full visibility into the electrochemical, electromechanical, and
energy-domain behaviour of the EV powertrain.

4. Mathematical Method

4.1. Analysis Method

This project will exclusively use the State-Space Representation. This method is chosen over
scalar methods because it provides a complete description of the system’s internal state, is easily
extendable to multiple-input, multiple-output (MIMO) systems, and forms the foundation for
modern control design.

4.2. Theoretical Basis

The system will be modelled using the standard linear time-invariant (LTI) state-space form:
X =Ax + Bu

y = Cx + Du
Where:

o where x € R*is the state vector containing electrochemical, electromechanical, and energy-
domain states,

e u € R?is the input vector,

ey € R*s the output vector.

e The matrices 4 € R***, B e R*?, C € R**, and D € R**?define the unified fourth-order
linear time-invariant system.

4.3. Application to The System

The project will derive state-space models for the main components and then describe how they
are coupled. This subsystem approach provides the linear models for the key components.

4.3.1. Subsystem 1: Drivetrain (Motor + Vehicle Load)

This model combines the motor’s electrical and mechanical dynamics with the vehicle’s
longitudinal dynamics.

e States (x4): Two states are selected:
* x; =i, (Motor armature current)
" X, = w, (Motor angular velocity)
e State Equations: Based on Kirchhoff’s Voltage Law (KVL) for the motor circuit and Newton's

Second Law for the mechanical rotation:

(dig) _
@ at

L V, — Rgia — Kyw,(KVL)

(dwm) .
dtm =T, - Tloadeq - Beqwm = (Kiig) — Tloadeq - Beqwm

]eq

* Jeq and B, represent the total equivalent inertia and friction (of the motor, gearbox, and
vehicle) referred to the motor shaft.

e State-Space Form (Drivetrain):

* Inputs: ug [(V; ; Tloadeq)] (Motor Voltage; Load Torque)

= States: (xgp) = [({qwp)]
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Sl -2 2lray [ 0w

) — dt _ a a a a a

: (x)dt a dwm a ﬁ _Bﬂ [wm] + 0 _L [Tloadeq]
dt Jeq Jeq Jeq

These dynamics define the electromechanical subsystem and contribute two states to the unified
state vector.

4.3.2. Subsystem 2: Battery (Thevenin Model with State-of-Charge Dynamics)
Based on the first-order Thevenin equivalent circuit models.
e  States (xp4): Two battery-related states are considered:
= x; = V.: Voltage across the internal Thevenin capacitor
= x, = SOC: Battery State-of-Charge
e State Equation: Based on Kirchhoff’s Current Law (KCL) at the capacitor node:

@ve) _ Voc—Ve :
. Rty
dat Rep

dsoc i . . . .
— = —Ql—L where Q,mis the nominal battery capacity expressed in Coulombs.
nom

This equation represents long-term energy depletion and introduces an integrator
associated with SOC dynamics.
e State-Space Form (Battery):
= Inputs (Upaee): Upare=[Voe 5 0] (Open-Circuit Voltage; Load Current)

1

1
. 1 e [
SR E o A o [P
sOC o ollsoc 0o —— |li

nom

e Output Equation (Terminal Voltage): The output V., (the V, for the motor) is:
" Vieem = Ve — URs

Voc]
iy

" Yoare = Veerm = [V + [0 —RA]|

5. Simulation and Implementation

5.1. Software Tools Used

The system modelling, analysis, and time-domain simulation were executed using the MATLAB
and Simulink software environments.

e MATLAB was utilized for scripting the parameter definitions, performing the necessary
algebraic manipulations to combine the subsystem equations, and analytically calculating the
final system matrices (A, B, C, D). The Control System Toolbox was used for stability analysis
by calculating the system poles (eigenvalues).

e  Simulink provided the block-diagram environment for implementing the continuous-time
dynamics within a State-Space block and generating the transient response plots.

5.2. Simulation Environment Setup

The final implementation uses a single, fourth-order unified state-space system, where the state
vector is

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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x=[V, iy w, SOCI”
representing electrochemical, electromechanical, and energy-domain dynamics within a single
model. The algebraic substitution of the terminal voltage equation into the motor KVL equation leads
to the unified State Matrix (A) and Input Matrix (B).

5.2.1. Conceptual Model vs. Implementation Strategy

The conceptual model involves connecting the Battery Subsystem and the Drivetrain Subsystem,
establishing a feedback loop. However, direct implementation of the two decoupled state-space
blocks in Simulink resulted in an algebraic loop error. This error is caused by the battery’s terminal
voltage being instantaneously dependent on the load current through the series resistance.

To resolve this, the battery and drivetrain equations were algebraically combined by substituting
the terminal voltage equation into the motor’s KVL equation, creating a single, unified 4th-order
state-space model that is robust for simulation. The final Simulink environment is represented by a
single State-Space block.

The environment consists of:

e A single State-Space block containing the unified 4 x 4.
e A Mux block to vector-combine the two inputs.
¢ A Demux block to separate the four output states for independent visualization on two Scopes.

i=AvtBu
y=CxtDu | vben=ve

Figure 1. Simple Simulink Model.
5.3. Modelling Steps and Parameters

5.3.1. Parameter Definition

A MATLAB script (.m file) is created to define all physical parameters of the system. This script
is executed before the simulation, populating the MATLAB workspace with these values.

The parameters are selected based on representative values reported in the literature and
exploratory simulation tuning.

c = % V (Open-circuit voltage)
Rs = @8.84; % Ohms (Series internal resistance)d

Rth = &.82; % Ohms (Thewvenin resistance)

Cth = 18e8e.8; % Farads (T n capacitance)
Qnom_sh = 188; % Battery capacity [Ah] (example)
Qnom = Qnom_Ah * 360@; % Convert to Coulombs
Ve = Voc; ¥ start fully charged

ise =@

wng = @

50C8 = 1.8; % 18k S0C

% --- Drivetrain (PMSM Motor + Vehicle Inertia) ---
¥ Based on a ~118kW motor and 1588kg vehicle

Ra = 8.85; % Ohms (Motor armature resistance)

La = 9.8e1; % Henrys (Motor armature inductance)

Kt = 1.8; A (Motor torgue constant)

Kv = 1.8; rad/s) (Motor back-EMF constant, Kv=Kt in 51)
Jeg = 1.5; g*m*2 (Equivalent inertia of motor + wehicle)
Begq = @.81; % Nm/(rad/s) (Equivalent viscous friction)

Figure 2. First Part of the MATLAB Code.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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% --- State Matrix (A) ---

& = [ -1/{Rth*Cth) , -1/Cth . a .8
1/La s -(Ra+Rs)fLa -Kw/ila ;8
] P Ktfleq P -Beg/leq ) B
-] ¥ -1/Qnom , -] ¥ a];

% --- Input Matrix (B) ---

8 = [ 1/(Rth*Cth} , ] H
2] ’ e H
] , -1/eq H
L . g I

% --- Dutput Matriwm (C) ---

%yl = Ve

% y2 = ia

£ y3 = wm

C = eye(d); % Identity matrix

% --- Feedthrough Matrix (D) ---

D = zeros{4, 2); ¥ 3 outputs, 2 inputs

Figure 3. Second Part of the MATLAB Code.

T 3. Analyze System Stability
system_poles = eig(4);
disp("Unified system poles with SOC included:")

disp(systen_poles

iF all

Figure 4. Third Part of the MATLAB Code.

%% 4. Drivetrain-Only Model (Battery as Ideal Voltage Source)

A_dt = [ -RafLa . -Evfle
Kt/Jeq . -Beqgfleq 1;

poles_dt = eig(a_dt);

disp( Drivetrain-only eigenvalues:’);
disp({poles_dt.');

Figure 5. Fourth Part of the MATLAB Code.

E% 5. Pole Migration with Battery Capacitance

Cth_vec = [20898 SOEO 10080 JBOBG SPARE]; % sweep
poles_all = zeros{3, length{Cth_wec)};
for k = 1:1length({Cth_wec}

Cth_k = Cth_vec(k);

Ak = [ -1f(Rth*Cth_k) , -1/Cth_k . ]
1/La s -(Ra+hs) /L= . -Kv/La H
El B Kt/leq ' -Begfleq ]

poles_all{:,k) = eig(a_k)};
end

figure;
hold on; grid on;

for i = 1:3
plot({real{poles_all({i,:)}, imag(poles_all{i,:}}, 'o-"});
end

xlabel('Real Axis’
wlabel( Imagin
title{'Pole Migration with Battery Capacitance Variation');

Figure 6. Fifth Part of the MATLAB Code.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Block Configuration

Parameters
A
A <4x4 double>

B:
B <4x2 double>

<4x4 double> :

X=Ax+ Bu
y=Cx+Du |5

(=
C
D:
D <4x2 double> @

Initial conditions:
[ Ve0 ; iaD ; wm0 ; SOC0 ] [400;0;0;1] :

Parameter tunability: Auto
[ Allow non-zero values for D matrix initially specified as zero
Absolute tolerance:

auto

State Name: (e.g., position')

[ oK | cancel Help Apply

Figure 7. State-Space Block.

-

Voo Voo

il

T_load

X =Ax+ Bu
—
u_batt y=0Cx+Du y_batt = ¥_term

T _load

Figure 8. Input-Output Structure of the Unified State-Space Model.

X=Ax+ Bu
—————
y=Cx+Du y_batt = \/_term

Figure 9. System Outputs Corresponding to the Four Internal States (V,, i, wp,, and SOC).
6. Results and Discussion

6.1. Obtained Simulation Results

The system analysis is validated using two primary sources of results: the MATLAB script
output for stability analysis and the Simulink Scope plots for time-domain performance.

6.2. Time Response and Transient Analysis

The transient performance is tested by applying a Step input to the Load Torque input,
simulating a sudden disturbance (e.g., changing the load from 0 Nm to 50 Nm at a specific time). The
Scope block captures the reaction of the three state variables:

e  Motor Speed: The speed instantly drops upon load application and settles to a new steady-state
value, demonstrating the open-loop nature of the drivetrain dynamics.

e  Motor Current: The current exhibits a sharp transient increase to meet the torque demand,
followed by a lightly underdamped response before settling.

e  Capacitor Voltage: The battery capacitor voltage shows an immediate drop due to increased
current draw, followed by a slower decay governed by electrochemical dynamics.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1226.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2026 d0i:10.20944/preprints202601.1226.v1

9 of 14

e  State-of-Charge (SOC): The SOC evolves on a significantly slower time scale and appears quasi-
constant over short simulation horizons, illustrating the separation between fast power
dynamics and long-term energy depletion.

File Tools View Simulation Help

@-40QP® =-|4&- |0 Fi&-

File Tools View Simulation Help

@- 0@ - Q-0 F4-

Ready Sample based |T=10.000 |

Figure 11. SOC Evolution Under Step Load Disturbance, Illustrating Long-Term Energy Depletion Behaviour.

6.3. Frequency Response and System Stability

The system’s stability and frequency characteristics are determined from the combined state-
space model.

e  System Stability: The stability of the overall linearized system is determined by calculating the
eigenvalues (poles) of the unified state matrix A. All dynamic modes associated with electrical,
electromechanical, and electrochemical dynamics possess negative real parts, indicating
asymptotic stability. The remaining pole at the origin corresponds to the SOC integrator and
represents long-term energy accumulation rather than dynamic instability. The system is
therefore stable with one marginally stable mode associated with energy depletion dynamics.

Unified system poles with SOC
0 -81.8535 -8.1!

Result: The system is stable w:
Drivetrain-only eigenvalues:
5.0033 + 6.46791 -25.0033 - 6.46791

Figure 12. Eigenvalues of A.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Frequency Response: Bode plots are generated for the transfer function from the primary input
(V,¢) to the primary output (w,,). These plots are used to determine critical metrics such as the
system bandwidth, which defines how quickly the system can respond to changes in control
inputs, as required by the proposal.

6.4. Original Contributions and System-Level Insights

6.4.1. Eigenstructure Modification Due to Battery—Drivetrain Coupling

Although the battery and drivetrain subsystems are individually well understood, their
dynamic interaction in a unified state-space formulation introduces non-trivial system-level
behaviour. In the drivetrain-only formulation presented in Section 4.3.1, the system is second order
and governed primarily by electromechanical dynamics associated with motor inductance, inertia,
and mechanical damping.

When the Thevenin battery model is coupled through the terminal voltage constraint, the system
order increases and the eigenstructure of the overall plant is fundamentally altered. The unified state
vector is defined as:

x = [V ig wy,SOC]T

Eigenvalue analysis of the combined state matrix reveals the emergence of additional dynamic
modes beyond the drivetrain-only formulation. In addition to the electrochemical RC mode
introduced by the Thevenin battery model, the inclusion of SOC dynamics introduces a marginally
stable integrator associated with long-term energy depletion. These additional modes correspond to
the electrochemical RC dynamics and the SOC energy integrator of the battery and introduces a slow
pole that interacts with the electromechanical modes.

This result demonstrates that the battery is not merely an energy source but a dynamic
subsystem that actively reshapes the drivetrain’s stability and transient response, even under open-
loop operation.

Such eigenstructure-level interpretation is not explicitly provided in prior EV subsystem-
focused modelling studies [1-3].

6.4.2. Separation of Time-Scale Dynamics

The unified model naturally exhibits a separation of time scales across four distinct modes:

e  TFast electrical mode, driven by motor inductance and resistance.

e Intermediate electromechanical mode, governed by torque-speed coupling and inertia.

e  Slow electrochemical mode, associated with the battery RC dynamics.

e Very slow energy mode, represented by the SOC integrator and corresponding to long-term
energy depletion.

Time-domain simulations confirm this structure. Following a step load disturbance, motor
current responds almost instantaneously, while the capacitor voltage evolves over a significantly
longer time constant. This delayed voltage response introduces a temporary energy imbalance that
manifests as underdamped current oscillations.

Such behaviour cannot be captured when the battery is modelled as an ideal voltage source and
explains why drivetrain-only models often underestimate transient current stress during sudden
torque demands.

6.4.3. Pole Migration Induced by Battery Parameters
To quantify the influence of battery dynamics, the eigenvalues of the unified state matrix were
evaluated while varying the Thevenin battery parameters Rypand Cyp. The analysis reveals that:

e  Increasing the battery capacitance Cyyshifts the electrochemical pole closer to the imaginary axis,
increasing the dominance of slow dynamics.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Higher internal resistance R,,amplifies voltage sag, indirectly reducing electrical damping in
the drivetrain.

e  The electromechanical pole pair becomes less damped as battery impedance increases, leading
to increased current overshoot under load disturbances.

These results demonstrate that battery parameter selection directly influences drivetrain
transient performance and stability margins, even in the absence of feedback control.

6.4.4. Asymmetric Energy Flow Under Regenerative Operation

Although the system is linearized around a nominal operating point, simulations under negative
load torque conditions reveal asymmetric energy flow behaviour. During regenerative operation, the
motor injects energy back into the battery, resulting in a rise in capacitor voltage and reversal of
current direction.

The transient response during regenerative braking differs noticeably from motoring operation,
particularly in the voltage and current trajectories. This asymmetry arises from the interaction
between electrochemical storage dynamics and electromechanical energy conversion and highlights
the importance of unified modelling for analysing regenerative behaviour.

6.4.5. Implications for EV Control and Battery Management Co-Design

The presented analysis indicates that battery dynamics must be considered during motor control
design, particularly for aggressive torque transients and regenerative operation. Ignoring
electrochemical dynamics can lead to overly optimistic stability margins and inaccurate prediction of
current stress.

The unified state-space framework therefore provides a critical foundation for co-design of
motor controllers and battery management systems, where electrochemical and electromechanical
dynamics must be treated as a coupled system rather than independent subsystems.

6.5. Success and Limitations of the Method

The state-space method is highly successful in capturing the coupled dynamics of the
electromechanical system. It provides full visibility into all internal states, which is a significant
advantage over simpler transfer function models.

The primary limitation of this study is the linearization of all components. The battery model is
highly non-linear (e.g., V, is a function of SOC). The linearized model is only accurate near the
operating point at which it was derived. A real-world validation would require a more complex non-
linear simulation.

7. Evaluation and Comparison

In conclusion, while a Transfer Function model could have been derived for a single-input,
single-output relationship, the State-Space Method was unequivocally the superior choice. It
provided the comprehensive, coupled, and internal-state-aware model necessary to fulfil the depth
of analysis required by the project.

7.1. Model Effectiveness Against Project Goals

The chosen State-Space Representation is highly effective in meeting all the primary objectives
set out in the project proposal.

Table 1. State-Space Model Performance.

Project Goal State-Space Model Performance
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Develop a Coupled interaction between electrochemical,

Model

Successfully  captured the
electromechanical, and energy-domain dynamics in a single, unified fourth-

order system.

Analyse Transient | Provided clear time-domain responses for electrical, electromechanical, and

Performance energy states, including SOC evolution under load disturbances.

Extract System | The eig(A) command provided the exact system poles, confirming stability

Poles of all dynamic modes with a marginally stable SOC integrator
corresponding to energy depletion.

Determine The system’s frequency response was readily obtained from the State-Space

Bandwidth matrices, yielding the necessary bandwidth for subsequent control system

design.

7.2. Comparison with Alternative Methods

The complexity of the system, defined by its multiple inputs (Voltage, Load Torque) and
multiple outputs (Speed, Current, Voltage), required the use of a modelling method suitable for a
Multiple-Input, Multiple-Output (MIMO) system.

Table 2. Method Comparison.

Feature State-Space Method (Chosen) Laplace / Transfer Function Method
(Alternative)
System Excellent. Provides access to all | Poor. Only provides the input-output
Visibility | internal states, which are critical for | relationship; internal dynamics are hidden
Battery Management Systems (BMS) | within the transfer function.
and motor protection.
Coupled Excellent. Naturally handles | Poor. Requires extensive block diagram
Systems complex feedback and coupled | reduction techniques for each input-output
systems without creating algebraic | pair, making the analysis cumbersome and
difficulties in the analysis. error-prone for highly coupled systems.
Control Ideal. The A, B, C and D matrices are | Requires conversion back into State-Space
Design the standard input for modern | form for advanced control design.
control theories (e.g., optimal
control, state feedback).
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8. Conclusion and Future Work

8.1. Conclusion

This project successfully developed and analysed a comprehensive dynamic model of an Electric
Vehicle (EV) powertrain, integrating the electrochemical dynamics of the battery (Thevenin model)
with the electromechanical dynamics of the motor and drivetrain, using the State-Space
Representation.

Key findings confirmed by the simulation and analysis include:

e  Stability: The unified system is stable in all dynamic modes associated with electrical,
electromechanical, and electrochemical behaviour. The inclusion of SOC introduces a marginally
stable integrator corresponding to long-term energy depletion, which does not affect transient
stability but is essential for energy-aware analysis.

e  Coupled Dynamics: The model accurately simulated the coupled response, demonstrating how
a sudden mechanical load instantaneously affects the motor current and terminal voltage,
followed by a slower discharge of the battery’s internal capacitor. The time response showed a
minor underdamped oscillation consistent with the complex conjugate pair of system poles.

e  Methodology: The use of the State-Space method, combined with the necessary algebraic
substitution to resolve the Simulink algebraic loop, was the superior approach for modelling this
coupled Multiple-Input, Multiple-Output (MIMO) system.

The model provides a robust, linear foundation for advanced control design and is a powerful
tool for analysing the system’s response to various driving conditions.

8.2. Future Work

While the linearized model meets the core project requirements, several avenues exist for future
development to enhance its fidelity and practical application:

1. Non-Linear Battery Modelling: The most critical limitation is the linearization of the battery.
Future work should implement a more accurate, non-linear battery model where parameters
like Open-Circuit Voltage and internal resistance are dynamic functions of the State-of-Charge
(SOC) and temperature.

2. Control System Design: The current model represents the plant (the open-loop system). The
next logical step is to design and implement a robust closed-loop speed controller (e.g., a PID
controller or a State-Feedback controller) to regulate motor speed against load variations,
significantly improving the transient performance.

3. Regenerative Braking Analysis: The project proposal mentioned regenerative braking. Future
analysis should expand the model to investigate the system’s transient response when the load
torque is negative, representing the energy recovery dynamics during braking.

4. Parameter Identification: Instead of relying solely on theoretical or assumed parameters, the
model could be validated and refined using System Identification techniques, fitting the derived
State-Space matrices to real-world driving data from an actual EV.
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