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Abstract: This paper investigates the properties and design of energy conversion in an electric
vehicle (EV) powertrain. Here, we combined the dynamics of vehicle motion with controlled electric
propulsion, which is an EV powertrain. The control of two types of permanent magnet synchronous
motors (PMSMs) was considered. An algorithm was developed for the determination of the static
characteristics of two-region motor torque control. A constant torque and a constant power region
were used in the powertrain of the EV. The design of the control system for the PMSM was considered
in the d, g reference frame. A precise mechanical model of the EV and the determination of road
loads is shown. The main results of this study were the selection of the PI controller parameters
(in analytical form), which was carried out for the simplified motor model and then extended for
the d,q model, and energy consumption during the WLTP standard driving cycle. The presented
simulation results of the proposed control system with synchronous motors in the EV (Fisker Karma
as an example) confirmed the approach taken for the selection of the controller. The presentation of
the EV’s acceleration for an optimized powertrain, and hence its performance, is a novelty not found
in other articles.

Keywords: PMSM; field weakening; vector control; constant torque; control system; two-region
control of motor torque

1. Introduction

This paper presents a performance assessment of a battery-powered electric vehi-
cle employing a PMSM powertrain system from the electric motor to the WLTP (world
harmonized light-duty vehicles test procedure) for electric vehicles.

The conversion of energy from electrical to mechanical is now the most important
form of energy conversion, as most industry systems and modern vehicles are based on
electric motors. EVs are now some of the most modern energy conversion systems and
the automation of their drive motors is important. This article belongs thematically to the
Energies Special Issue “Automation and Robotics Application in Energy Systems”.

Motor vehicles use mostly permanent magnet synchronous motors (PMSMs). They
are used in vehicles (hybrid electric vehicles (HEVs) or electric vehicles (EVs)) from the
following car manufacturers: Toyota (Lexus), Nissan, Renault, BMW, and Honda. These
motors are characterized by high overload (no brushes, power loss mainly in the stator,
and the possibility of effective cooling due to negligible electrical losses in the rotor),
high dynamics resulting from the low moment of inertia of the rotor, high efficiency, and
high power density and width of the rotational speed range. The negative properties of
these motors are their high price and low—compared to induction motors—operating
temperatures. However, despite this, their applications in industrial and automotive drives
are increasing rapidly [1-3].
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Manufactured PMSMs may differ in the shape and location of magnets in the rotor.
In the case of electric vehicles in particular, they are used with interior magnets (interior
permanent magnet synchronous motor, IPMSM) or with surface magnets (surface mount
permanent magnet synchronous motor, SMPMSM). IPMSMs usually have higher stator
inductances, and their rotors have magnetic asymmetry [3].

Two-region control of the motor: constant torque and constant power (field weakening
control) were analyzed in [4-8], where the greatest focus was on the second zone of IPMSM
control. This is because of the double-track control: the stator linked flux (ig; current) and
the motor torque.

The analysis of two-region control leads to different control structures, but they are
always vector methods in the (d, q) frame. A field-weakening operation based on feedback
linearization is presented in [9]. A variable g-axis voltage control and voltage angle control
(VAC) method is shown in [10]. The authors of [11] describe a decoupling system like that
of induction motor control systems (field-oriented control). Ref. [12] focuses on the control
of one PMSM construction: a segmented interior permanent magnet synchronous motor.

Previously cited works [4-8] have also developed control methods, usually a cascade
control of the angular speed. The field-weakening algorithm for IPMSM was studied in [4],
where only the motor was considered. In [5], as in the previously discussed paper, the
greatest emphasis was placed on the mechanical characteristics realized for different flux-
weakening methods. Ref. [6] also focused on weakened flux performance characteristics,
with the addition of simulations of dynamic motor states. Complementary computational
and simulation studies on PMSMs in the form of experimental results are included in [7,8];
however, these are general studies not dedicated to EVs.

While the titles of some articles include “EV”, many are just descriptions of control
methods that do not take into account vehicle dynamics. Additionally, they omit the opera-
tion of the motor for constant power: These methods include state feedback decoupling
control with disturbance feed-forward [13], where the extended Kalman filter is used, and
the practical implementation of direct torque control (DTC), presented in Ref. [14]. In other
words, these are methods that are suitable for motors in the 1/4-1/3 range of maximum
vehicle speed. These articles include tests and experimental setups, meaning they are
valuable and reliable, but are they for EVs? That is the question.

Other articles that include “EV” in the title are detailed descriptions of two-region
control methods; however, they do not take into account automotive specifics. Their
advantages are indisputable and can be applied to EVs, only these applications are not seen
in the articles [15,16]. Ref. [15] presents a sliding mode control that is competitive with
cascade control.

In conclusion, we believe that the consideration of vehicle dynamics in the dynamic
analysis of a closed-loop PMSM control system is not seen frequently in the literature [4-16]
and would be valuable. In the quoted articles, as described above, the focus is on other
problems of the propulsion system, e.g., there are static characteristics of currents, voltages,
and torque or there are different motor control structures. However, none take into account
the specifics of the EV, i.e., the changing load torque and the equivalent of the load inertia
moment, which is the mass of the vehicle and all the rotating components that are energy
stores. Additionally, the quoted articles lack analytical formulas that determine the settings
of the controllers used. This article will bring together the specifics of the EV as a motor
load and give clear formulas on how to set motor currents and how to select controller
settings. In addition, the quoted articles discussing automation presented systems with
speed controllers, which indicates the implementation of cruise control; however, this was
not in the title. In this article, EV acceleration will be presented, i.e., taking full advantage
of the drive’s capabilities.

Moreover, in the analyzed papers (except [15]), PI controllers were used in the struc-
tures, while the rules for the selection of their parameters were not given, whereas this
paper will show how the controller settings were calculated.
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The Purpose of this Article

The purpose of this paper is to present the principles of determining the currents ig,
and ig; in the scope of motor operation during constant motor torque and field weakening.
This allows for the design of a control system for PMSMs and especially for the powertrain
of EVs. The design and simulations were realized for a real car and for a real traction
motor at 146 kW [17], where motor load torque was recalculated from the total road load.
Sometimes, the results of the simulations were close to the performance of the vehicles,
e.g., [18]. Thus, we tried to combine motor control with controller settings and EV specifics
in this paper.

This article presents a mathematical model of the PMSM and the calculation of the
reference currents in the d and g axes for two-region torque control with different energy
conversion regions (constant motor torque, where the power increases, and field weakening,
where the power is constant). In addition, the control system in the (d, g) frame (vector
control of PMSM), the application of motor control in EVs, and the optimization of PI
controllers will also be discussed in this paper. A new approach to the selection of regulator
settings will also be presented. Finally, the results of simulation experiments for the EV
based on the parameters of the Fisker Karma vehicle will be discussed.

Obtaining experimental results is difficult because an EV with an open control system
is required, i.e., a very expensive laboratory system. Then, one can implement their own
regulator settings and test the vehicle with the proposed system. For this reason, we
decided to present the results of the simulation studies for two different PMSM kits as a
powertrain for the Fisker Karma car. This EV has not been developed like Tesla cars but is
a competitive solution.

In summary, this paper provides a synthesis and analysis of the EV, including:

A model of PMSMs (considering mechanical characteristics);

The adjustment of controller settings;

The d- and g-axis current characteristics for constant torque and constant power
motor operation;

A precise mechanical model of the EV;

The determination of road loads;

A simulation study on vehicle performance;

The application of the WLTP driving cycle for energy consumption assessment.

We are not aware of any article that globally combines the above aspects; hence, this
paper was written.

2. Powertrain PMSM—The Main Energy Conversion Element
2.1. Mathematical Model of the PMSM

To write the mathematical model for drive systems in electric motors, linear magneti-
zation characteristics are assumed (signal processing can be written in the form of linear
differential equations) and only the first harmonics of the waveform are considered (in
rotating field machines, only the first harmonics of the flux and current generate an electro-
magnetic torque). Using the above assumptions, a PMSM model with transfer functions
can be used and general analytical formulas can be applied to select the controller settings,
which are presented in Section 3.3. The created dynamic models can be used for control in
cascade structures and parametric optimization [1-3,7,9]. The dynamics of the generalized
electric motor can be presented using systems of electromagnetic differential equations,
where the superscript ‘S’ refers to the stator and ‘R’ to the rotor, R is resistance, and L is the
inductance of the stator windings:

dyp

us = Rsis + == + jw"y, @

T
ug = Rgig + d;tR +](wK - w1>fR @)
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The vectors of the voltages (1), currents (i), and fluxes (1) linkage to the stator and
rotor windings are analyzed in a rotating coordinate system with an angular velocity wX.
Synchronous motor control mostly uses a mathematical model in the d, g4 system. Clarke
and Park transformations are used to write equations in this system.

Then, the equations take the following well-known form [1-9] (rotor reference frame):

, d

usg = Rgigg + % — PoWmyPsy @)

. dips
usy = Rsisg + 7‘7 + PrwmPsa (6)
Psq = Lsaisa + ¢ )
lPSq = LSqiSq (8)

3 . .

M, = SPb (Psaisqg — Ysqisa) )

where Por Wm, l/)f, M, are pole pairs, angular Velocity, rotor flux, and motor torque,
respectively. Newton’s second law can be expressed in the following form:

%:Me_Mm

Idt

where |, M, are the total moment of inertia and load torque, respectively.
It is assumed that the rotor flux y, = ¢ ; is generated by permanent magnets
(‘ ¥ f} =95 = const.). The rotor designs can be divided according to the arrangement

of the permanent magnets. There are rotors with the surface magnets or interior magnets
(Figure 1) [1-3].

Td
Q\ [72)
SN
a) i

Figure 1. Design of PMSM rotors: (a) with surface magnets; (b) rotor with interior magnets, configu-
ration 1; (c) rotor with interior magnets, configuration 2.

The figure shows the basic rotor magnet configurations and the associated axes of
the rotating coordinate system (d, q) for which the mathematical model of the motor is
determined.

The rotor design has an impact on the distribution of the stator inductances in the d
and g axes:

[ LSd = qu = LS for SMPMSM,
e Lgg # Lg, for IPMSM.

where Lg; and Lg, are the direct and quadrature stator inductances in the d and g axes,

respectively, which are presented in Figure 1.

2.2. Two-Zone Angular Velocity Control

The motor in drive systems is characterized by two operating regions; in the sec-
ond region, it is possible to work with angular velocities that are greater than the rated
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velocity but, at the same time, an electromagnetic torque that is smaller than the rated
torque [4-8,12-15,18,19].
Motor operating ranges:

e  Constant torque operation (region 1)—means the motor operates at a constant value
equal to the rated value of the magnetic flux in the air gap. This is operation at a
constant value of the electromagnetic torque, the maximum ratio M./ Is;

o Constant power operation (region 2)—the motor operates at a lower value than the
rated value of the magnetic flux in the air gap. Here, a rotor angular velocity higher
than the rated value can be obtained. Reducing the value of the flux in the air gap is
called field weakening. The motor operates in this range at constant power, where the
current value is; decreases and the current value s, increases in the opposite direction
to the flux vector ;. The change in the current value i, is intended to “demagnetize”
the flux linked with the rotor winding.

3. Control Design of PMSM
3.1. Operating Characteristics of the Traction Motor with Surface Magnets

For the calculations and simulation tests in the Matlab/Simulink environment, a
PMSM traction motor with surface magnets was selected with the parameters given in
Table 1 [17]. The selected electric motor had all of the requirements for traction motors,
i.e., the torque was high enough for EV applications and the speed was high, and with
better bearings installed, there was a possibility of flux weakening over a wide range of
angular velocities.

Table 1. List of parameters for PMSM with surface magnets.

Rated power Py 146.2 kW
Rated electromagnetic torque My 388 Nm
Rated rotational speed wy 3600 rpm
Rated voltage Uy 640 V
Rated current Iy 217 A
Moment of inertia J; 0.199 kgm2
Stator resistance Rg 050
Stator inductance Lg 0.48 mH
Number of pole pairs pj 4

The axes d, q have an even distribution of inductance: Lg; = Lg; = Ls.

The current in axis g in the first region of control has a constant value equal to the value
of Is. For the second region, it is calculated by assuming that it changes hyperbolically,
and its characteristics can also be determined as it passes through known rating points
(wn, In)- The current in axis d in the first zone is 0 A. To determine the current ig; in the
second zone, the following relationship is used:

15271/lsq+15d (10)

At the already known current ig,, the relationship shown in (10) is also a condition for
the stator current to have a constant value (Is = const.).

The static characteristics presented in Figure 2 were calculated for the rated data of the
motor with 146.2 kW of power (Table 1), which could be used in the main drive of a vehicle.
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Figure 2. Ideal characteristics for the two-region control of an SMPMSM.

The curves presented in the figure were calculated for operation with constant torque
(isg = 0) and constant power (ig; < 0), as discussed in [1-4]. In the presented visualization,
the current limit was not exceeded, according to Formula (10), and the electromagnetic
torque was determined from relation (9). It can be seen from the obtained characteristics that
the first control region, for constant torque, ended when the motor reached its rated speed,
i.e., 3600 rpm. Then, the flux-weakening operation began (constant power operation).

3.2. Operating Characteristics of the Traction Motor with Interior Magnets

This chapter provides static characteristics for the IPMSM with similar parameters
to those shown in Table 1. The difference is the inclusion of stator inductance asymmetry,
which is related to the design of rotors with interior magnets. Here, a reluctance torque
is generated in the motor in addition to the synchronous torque. In fact, the value of
the electromagnetic torque is determined from the same relation as that used for the
SMPMSM (9). This is because the distribution of the linked stator fluxes is taken into
account (Equations (7) and (8)). The axes d, g have an uneven distribution of inductance
(Lsg < qu) ; thus, the distribution was assumed.

Lsq = Ls
T L (11)
Lsa = 5"
The system of the equations consists of two relationships:
M. = 3py (Ysaisq — Psqisa) 12)
V2Is = [i5, + i,

Figure 3 presents the correct determination of the characteristics of two-region motor
control with the interior magnets. The current values in the first region differed from the
SMPMSM values. For constant torque control, the current ig; must be different from zero;
in this case, it should be is; = —166.1 A, and the current is; should be different from the
value Ig so that both conditions are met at the same time. This means that the generation of
the reluctance and the synchronous torque is produced by the motor.
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Figure 3. Ideal characteristics for the two-region control of an IPMSM (ig; # 0).

The magnetic flux of the stator was determined using the following formula:

Ys = \/ ¥yt V5, (13)

A comparison of the flux characteristics of the two motors is shown in the Figure 4.

0.26

—PMSM with surface magnets
0.24 —PMSM with interior magnets
0.22 -

0.2-

0.18

g [Vs]
o
3

0.14 -

0.12 -

0.1

0.08 -

0.06 :
0 5000 10000 15000

n_[rpm]
Figure 4. Ideal stator flux characteristics for two-zone PMSM control.

The calculations were performed in Matlab using its basic functions and the built-in
fsolve function, which is used to solve non-linear equations with many variables (12).

The results of the calculations based on Equations (7), (8), (11) and (12), which are
shown in Figure 4, showed what effect the rotor structure had on the motor stator flux.
It can be seen that the flux was increased in IPMSMs; however, this involves a more
complicated design, which obviously must be more expensive.

The results presented in Figures 2—4 were realized based on an algorithm for deter-
mining of the static characteristics of the two-region motor control of the PMSM, which is
shown in Figure 5.
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Input of PMSM parameters:
wy, Py, My, Ing R, L, U

I

Selection of the appropriate rotor design
(determination of Ly, L values).
Calculation of the initial (constant) values of
the currents iy and i, in the first zone.

sd 5q

I

Start the calculation
for w, =0

Checking the
condition: w,, < w,

max

3 . i \
Me = E}’b('/’h’rll,ﬁ‘q - i/"}s‘qlb’{l) l
\/ils = I-qu + lSzd |

The second region

Wy, S Wy

The first region

Assign Values:

I

1

: Assign Values:
: R/ID = MN; P= Mc/wm

1

I

1

P= PN; Me = P/(Om
V| i

isgisq - Calculated initial values

sq

Figure 5. Algorithm for igy, i sq calculation of PMSM.

The presented algorithm determines the current values separately for the constant
torque operating zone and for the flux weakening region, which allows for higher than
rated angular velocities.

3.3. Designing the Motor Torque Control System with the PMSM for EV Application

The torque and current controllers of the stator in the d axis were properly selected to
design the control system. The controller parameters in simplified motor models [18,20]
were determined, and simulations were also carried out for the complete model in the
d, g frame.

Figure 6 shows a schematic diagram of the permanent magnet synchronous motor
(PMSM) control system for an EV. The system uses torque M, and current ig; controllers.
There are prefilters in the input of each controller for the smoothing of waveforms.

The motor torque control system, which depends on angular speed, was implemented
in the (d, q) reference system; thus, the Clarke and Park transformations were neglected.

The new symbols (electromagnetic time constants) are shown in Figure 6: Tg; = %2—55’1,

qu = % The blue blocks are PI controllers, the green blocks are prefilters, and the red

block is the command (reference) signal generator, which produces the signals shown in
Figures 2 and 3.
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Figure 6. Schematic diagram of the PMSM control system in an EV application.

The load torque M, is calculated from the road loads [1,18,19,21]: total rolling resis-
tance F,, aerodynamic drag force Fpr, and grade resistance F;. Thus, the total road load
can be expressed in the following form:

F'(t) = For(t) + F() + Fy(t) (14)

where F, = frmg, fr = fo(1+ %), Fpr = %Q CqA(v+ vw)z, Fg = mpgsin(a), fo is the
rolling coefficient (fp = 0.01 for a concrete road), m; is the mass of the car and passengers,
0 is the air density, C; is the drag coefficient, A is the frontal area of the car, v is the car
speed, vy, is the speed of wind, and « is the slope.

Hence, if the gear ratio is 7, dy, is the wheel diameter, and AM is Coulomb friction in
the gear, then the load torque is equal to:

/ F/
My, :AM—i—MT,M': %

(15)
The total moment of inertia | is the sum of three energy storages calculated to the

motor side (motor shaft) [16]:
2

f=h+m2%+]3 (16)
where J; is the PMSM moment of inertia and J3 is the moment of inertia of the wheels (rims
and tires), brake discs, and shafts, which are reduced to the motor shaft.

To determine the parameters of the torque controller, the PMSM was linearized and
set to a simplified separately excited DC motor. Figure 7 shows the electromagnetic torque
control system for a simplified mathematical model of the motor. Mathematical models of
motors supplied from voltage sources are discussed in detail in [20], and these models can
be approximated by inertial elements. Then, the process of selecting controller settings is
simplified, and the controller should be able to overcome the model errors—as shown in
the simulations.

M. (er ms+1 USq (Jyen)s| Me
a Vs Bs+1

Figure 7. Schematic diagram of the electromagnetic torque control system of the simplified motor.

The new symbols in Figure 7 are the electromechanical time constant B and the flux
N for the rated current iy in the d axis, where B = ]lfTi;’ $eN = 5+ (Lsa — Lsy) isan-
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The torque controller is a PI type, where its gain is % and the integrating time is .

The controller parameters can be expressed in the following form:

-
V=103 17

2
l?beN

A PI controller is also used in the current circuit in the d axis. The system used for
determining the controller parameters is shown in Figure 8.

Isd ref ~ Kstl | Usa  ~ 1/R iy
— TrS +\_} Tsds+]
\/jprsqISqNCUN

Figure 8. Schematic diagram of the current control system in the d axis of the PMSM.

The controller parameters in the PMSM take the following form:

T, — 10°
TR (18)
Ky = Tsq — V2T, pyLsglsnwn

The ig; controller (Figure 8) is very aggressive, i.e., it achieves steady state quickly. It
may happen that the value of K; is negative, in which case T, should be decreased, e.g.,
T, = 0.5%, and the results will be similar to those shown.

To simulate the motor with internal magnets, the initial value of the current ig; had
to be constant in the first region and different from zero (is; # 0). Using the program for
determining static characteristics, we were able to calculate the value that was used for the
simulation. The currents in the first region were:

is, =258 A
isg = —166.1 A

3.4. Simulation Results of Fisker Karma Vehicle with 2 x 146 kW Motors

The original Fisker Karma (Table 2) is a hybrid vehicle equipped with two electric
motors, an internal combustion engine, and solar batteries [22,23].

Table 2. Fisker Karma vehicle parameters list.

Vehicle mass 1y 2540 kg
Aerodynamic drag coefficient C4 0.313
Gear ratio i 6.254
Tires 255/35R22 (wheel diameter) d;, 0.7373 m
Frontal area of the vehicle A 2.47 m?

In this study, two IPMSMs with the parameters listed in Table 1 were considered
for use in a vehicle powertrain. The parallel operation of the motors was assumed in
the design; thus, the mechanical characteristics from Figure 3 were considered, where
the electromagnetic torque rating was equal to 776 Nm. The controller parameters were
adopted from expressions (17) and (18), and the control system (Figure 6) was simulated in
the Matlab-Simulink environment. The results are presented in Figure 9, where the vehicle
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acceleration dynamics are shown; the acceleration signal in Figure 6 (left side of the red
block) was set to 1.

M [Nm], P[kW], I[[A], v[km/h]

400

300

200

100 |/

-100

-200

-300

Two-region

— Electromagnetic torque Me
---Power P |
—Vehicle speed v

—Current isq 4
---Current isd

Figure 9. Fisker Karma performance. Dynamics of the two-region motor torque control.

FIN]

In the presented results, the vehicle was assumed to move under a load of 390 kg
(five people) and had a theoretical maximum speed of 280 km/h. Moreover, the region
of the constant torque operation was very short, and most of the time it was in constant
power operation.
The road loads and the traction force Fr for this simulation are presented in Figure 10.
The motor torque was transformed into the traction force on the car wheels using the
following formula:

2i
Fr = (M, — AM) -
dw
4
257" 10 T T
—F
r
_FDF
2 Fg
_FT
—F
1.5 SUM
1
0.5
0 — — 1 1
0 50 100 150

t[s]

Figure 10. Forces acting on vehicle obtained from simulation results, where Fr is the traction force on

the car wheels.

The function Fsyyp = F- + Fg + Fpr is the global load force for an EV and can be
recalculated to load torque M, for a PMSM.



Energies 2022, 15, 4887

12 0f 18

3.5. Simulation Results of Fisker Karma Vehicle with 2 x 100 kW Motors

Since it is difficult to perform experimental tests for the case considered in this paper
(EV with programmable current controllers), the application of the algorithm to other
motors and simulation verifications will be presented. The motor parameters were taken
from [16] (Table 3), where the value of the moment of inertia J;, which was not given in [16],
was approximated on the basis of the ratio rules (high-speed vs. medium-speed motors
and power).

Table 3. List of parameters for PMSM with surface magnets.

Rated power Py 100 kW

Rated electromagnetic torque My 203 Nm
Rated rotational speed ny 4700 rpm

Rated voltage Uy 360 V

Rated current Iy 3775 A
Moment of inertia J; 0.1 kgm2

Stator resistance Rg 4.2 mQ)

d-axis inductance Lg, 94 uH

g-axis inductance Lg, 153 uH

Number of pole pairs pj 6

The characteristics resulting from (10) and (12) are shown in Figure 11 and are similar
to those shown in Figure 3. The differences are due to the different power, the different
rated angular velocity, and, of course, the parameters of the machine itself.

600 Two-region
400
é 200
; I e
o S
= 0r-"~
E
Z —Electromagnetic torque Me
=~ -200
b= ---Power P
—Current isq
- --Current isd
B el ---Current Is
-600
0 5,000 10,000 15,000
n [rpm]

Figure 11. Ideal characteristics for the two-region control of a 100 kW IPMSM.

By using the algorithm for determining the static characteristics (Figure 5), the values
of the currents for the first zone were determined. The constant values of the currents in the
d and g axes for the first zone were used in the simulation in order to calculate the dynamic
characteristics. The values of these currents were:

is, = 338.83 A
isy = —412.66 A
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The simulation results for the Fisker Karma with two 100 kW PMSMs are shown in
Figures 12 and 13. Obviously, the performance was worse than that of the 146 kW motors;
however, the waveform presentation was similar.

Two-region
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Figure 12. Performance of the Fisker Karma with two 100 kW IPMSMs. Dynamics of the two-region
motor torque control.
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Figure 13. Forces acting on vehicle obtained from simulation results for 100 kW IPMSM.

In the presented results, the vehicle was assumed to move under a load of 390 kg (five
people) and had a theoretical maximum speed equal to 245 km/h.

The simulations in Figures 10 and 13 show how the vehicle’s resistance to motion, or
load torque, will change for the electric motor. When the forces balance, the vehicle no
longer accelerates.

In the simulation results presented in Figures 9-13, the static characteristics from
Figures 3 and 11 were used as the reference signals (isg.r and iggf) for the current con-
trollers (Figure 6). Figures 9 and 12 show the acceleration of the EV when the set electro-
magnetic torque was at its maximum; this was equivalent to maximum accelerator pedal
depression by the driver, which here was considered as the speed controller. The motion
of the vehicle was presented by the speed waveform. The resistance of motion is shown
in Figures 10 and 13, which are plotted against the traction force waveform Fr. From the
waveforms, it can be seen that the operation of the PMSM in the region of constant torque
lasted for about 6 or 9 s; then, the motion resistances were small and increased as the EV
speed increased. Therefore, the acceleration of the vehicle was accompanied by an almost
linear increase in speed. After that, the acceleration of the vehicle began to decrease; this
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was the influence of both the operation of the motors at constant power and the increase
in the load, which is related to vehicle speed according to Equations (14) and (15). The
presented waveforms allowed us to determine the performance of the vehicle, such as its
maximum speed and acceleration to 100 kmh or 60 mph.

The obtained results confirmed the correct design of the EV drive control system,
part of which was the reference signal generator (the realization of static characteristics
depending on the angular speed of the motor). The considered problem was confirmed by
two computational simulation solutions, where the dynamics of vehicle motion were taken
into account.

In the obtained simulation results, a constant torque and constant power algorithm
similar to that described in [4-12] was used; thus, the presented mechanical characteristics
agree with the literature. MTPV (maximum torque per voltage) and MTPA (maximum
torque per ampere) algorithms were not used here because they introduce torque oscillation,
which is disadvantageous for passengers during car acceleration. A smooth motor start
up to a desired speed was presented only in papers [6,11]—as well as in this paper. In
the others, it was a three-stage operation, i.e., starting up to nominal speed, operation at a
constant speed, and field weakening. This approach is associated with oscillation during
the transition from constant torque to constant power operation—this is unacceptable in
EV drives. The method presented in this paper can overcome these problems.

Comparing the results presented here with the literature where “EV” is in the title
(EV is now a popular phrase, but not always appropriate to the topic of the article) is
difficult; they all have experimental results, but many do not relate to the specifics of the EV
powertrain—usually they are electric drive control systems to which an EV has been added.
The basis of the operation of the transmission is flux weakening, and the systems presented
in [13,14,24] work for constant torque; that is, they need a gearbox, which is unnecessary in
an EV. Some have oscillations in electromagnetic torque, and then the question must be
asked: how will the passenger react to such driving conditions? Sliding mode control offers
great possibilities; however, in [15], no uniform motor starting is presented, only three-stage
continuous problems with a smooth transition from constant torque operation to constant
power operation. In addition, in [16], which focused on EVs, only the flux-weakening
operation is presented, with no motor angular velocity run. In this case, it is not clear how
one should refer to it.

In summary, the results presented here provide an estimate of EV performance (as in
publications [18,19]), only in Figures 9 and 12, the set speeds (e.g., 100 kmh) or distances
(e.g., 1/4 mile) need to be labeled. Then, we can see how the electric motor and EV
dynamics combine. For the example in Section 3.5, an illustration of vehicle performance is
shown in Figure 14.

205 ‘ Two-l“eglon
— Electromagnetic torque Me
200 —Vehicle speed v
Road S
175

150

125

M _[Nm], v[km/h]

07 1 1 1 | 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

t[s]
Figure 14. EV performance estimation for 2 x 100 kW IPMSM.
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A speed waveform (red line) is included in the figure from which the time for the EV
to reach 100 kmh can be read (first time marked with the red dashed line). The figure has
been completed with the distance traveled by the vehicle and the time per 1/4 mile (second
time marked with the green dashed line) can be determined from the green line. Thus, from
the results obtained, the performance of the vehicle can be easily estimated. An acceleration
of 8.75 s to 100 kmh and a time of 16.8 s per 1/4 mile were obtained. Changing the drive
motors will change the performance of the vehicle, which can be estimated like this.

3.6. Driving Cycles for EV

This subsection contains two simulation experiments with the designed powertrain for
an example vehicle, i.e., a Fisker Karma with two 146 kW motors. In the first experiment,
the driving cycle considered the slope of the road surface, while the second used the
previously mentioned international WLIP driving cycle, which determines the energy
consumption for light vehicles within 0.5 h.

The first driving cycle considered a 10% slope at a constant speed of 50 kmh. In auto-
motive engineering, a slope of 45° is taken as 100%; thus, in the case under consideration,
it was an angle of 4.5°. This means that the gravitational force F, = mygsin(a) must be
considered, where sin(a) = 0.0785, which is almost eight times greater than the rolling
resistance Fy! This will obviously affect the power consumption.

Figure 15 shows the driving cycle with the following slopes: 0%, 10% (up), 0%, —10%
(down), and 0%. The different stages are separated by dashed lines. In this study, the whole
vehicle was analyzed; thus, the power consumption is for two motors.

800 ‘ 1300 —
700 —Electromagnetic torque Me - - -Energy E — Vehicle speed » ——Power P 318 =
600 0% ' 10% i 0% | -10% : 0% 210 &
T 500 ! : : ! 180 =
Z 400 ; e S A 150
—% 300 : S : SR N R 120 =
= 200 ¥ S o : ! : oo
100 : i =
0 =
100" .

3

25

2

0 2 4 6 8 10 12 14 16 18 20 22 24
ts]

Figure 15. Driving cycle up and down for 2 x 146 kW IPMSM in EV.

It took 2 s to obtain a speed of 50 kmbh, then it was assumed to drive on a 0% slope; in
5 s, the slope gently changed until it reached 10%; in 10 s, the terrain again gently returned
to 0%; in 15 s, the terrain started to decrease (—10%); and from 20 s, the terrain was 0%.

Most interesting is the red dashed line (energy consumption); here, we can see how
much energy is used for going uphill and how much can be recovered when going downhill
by recharging the batteries.

The bottom graph shows how the drag forces changed with such a driving cycle; one
can see the significant effect of gravity when changing the slope and how big it was—this
also increases the combustion in classic combustion vehicles.

The second driving cycle analyzed in this study was the WLTP, which was introduced
in 2017 and is one of the tests most commonly used by automakers.

Professional driving cycles are standardized driving patterns created primarily for
vehicle engine performance and powertrain testing. These cycles are represented as speed
versus time diagrams. The simulation results are shown in Figures 16 and 17.
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Figure 16. WLTP driving cycle for 2 x 146 kW IPMSM in EV.
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Figure 17. WLTP driving cycle energy consumption.

The normalized driving cycle was converted to the first subplot, which was sup-
plemented with the distance traveled (less than 24 km). This was the reference for the
simulation, and from this the waveform of the motor torque and the power taken from and
given to the batteries were obtained (subplots 2 and 3).

When the power P on the plot is less than 0 W, it can be recovered and recharge the
batteries. For this reason, the waveform of battery energy consumption shown in Figure 17
is important.

The sections slow, average, fast, and very fast, are marked with a black dashed line as
in Figure 16. In the energy waveform, one can see the changes in the increase and decrease,
which correspond to power (positive and negative). Power in turn depends on the motor
torque, i.e., positive torque corresponds to motor work and negative torque to generator
(recovery) work.

In summary, the analyzed vehicle will consume about 4.2 kWh in the WLTP cycle and
will travel about 24 km. This means that in order to travel 100 km, a battery capacity of
at least 17.5 kWh would be needed. Thus, for a vehicle with an average range of 400 km,
a battery capacity of 70 kWh would be needed. Of course, when travelling at highway
speeds, where aerodynamic drag has a significant effect, this range will decrease.
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This means that the WLTP driving cycle is dedicated to mixed driving (city and route)
and gives average values.

4. Conclusions

The automation of the main component—the PMSM, which converts electrical energy
into mechanical energy in the EV—was discussed in the article. The properties of two types
of synchronous motors excited by permanent magnets were studied and determined using
simulations in the Matlab-Simulink program. An algorithm was developed in order to
determine the static characteristics of the two-region motor torque control of any permanent
magnet synchronous motor. This helped us to understand and program (reference signal
generator) the PMSM control system in Simulink, with which the characteristics of two-
region torque control were established.

The vector control of a PMSM was proposed in a rotating coordinate system (d, q
frame) with rotor angular speed, where two controllers, two prefilters, and a reference
signal generator were used (the realization of the static characteristics depending on the
motor angular speed).

The PI controller parameters were selected in the motor control system and were used
to control the electromagnetic torque and the stator current in the d axis. The selection of
parameters began with the simplest motor model. The advantage of this novel method is
that it is a quick and simple way to determine the parameters of the controllers.

Finally, the results of the simulation experiments in the Matlab-Simulink environment
confirmed the correctness of the proposed design process. These studies were carried
out for the Fisker Karma electric vehicle, where the vehicle acceleration dynamics were
analyzed. Additional tests were conducted for road slope changes and for the WLTP
driving cycle, which has been the global world standard since 2017. This cycle determines
energy consumption, i.e., fuel burn-up or battery discharge, for a given driving speed
profile. The results for range were described.

In summary, the following problems were related in this paper: a permanent magnet
synchronous motor, its variable load related to the specificity of the road vehicle, the system
of iy and is; current regulation to realize two-region drive control (for constant torque
and for constant power), the system of reference value generation, and the selection of
regulator settings. This is what distinguishes this article from other papers, i.e., the solution
is dedicated to EVs and is not some kind of control system, which after modification can
be used in an EV. The presented results were consistent and allowed us to estimate the
performance of the designed vehicle (all the conversion factors were given that allow for
the transfer of the entire specifics of the EV to the side of the electric motor), which from
now on can be treated as a variable torque drive, where two-region control is necessary.
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