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Abstract. This article introduces an innovative approach called Adaptive Deadbeat Predictive Control
(ADPC), specifically designed to regulate the operation of a Permanent Magnet Synchronous Motor (PMSM)
within a solar-powered electric vehicle (SEV). Considering the influence of factors such as magnetic saturation,
material aging, and temperature fluctuations, discrepancies may arise between actual and nominal parameter
values. Notably, the stator inductance, permanent magnet flux linkage, and stator resistance are crucial
variables in this context. The article conducts an in-depth theoretical examination of the consequences of these
parameter mismatches on the overall stability of the system. To mitigate the effects of stator resistance vari-
ability, an adaptive control methodology is proposed. This strategy hinges on real-time control adaptation,
achieved by continuously estimating the resistance value through diligent consideration of the actual winding
temperature. The proposed Adaptive Deadbeat Predictive Control framework is seamlessly implemented and
simulated within the MATLAB Simulink environment. The simulation results eloquently validate the efficacy
of the proposed control approach, showcasing its adeptness in mitigating the system’s sensitivity to stator
resistance deviations, thereby fortifying the overall control resilience.

Keywords: Permanent-Magnet Synchronous Motor, Solar powered electric vehicle, Deadbeat predictive
control, Field-oriented control.
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1 Introduction

At present, there is a growing trend towards the prolifera-
tion and adoption of electric vehicles (EVs) [1, 2]. This
arises from the worldwide imperative to decrease carbon
emissions and lessen our reliance on fossil fuels [3]. More-
over, it reflects the swift shift toward sustainable energy
alternatives, particularly in the transportation industry.
Additionally, owing to the remarkable advancements in
photovoltaic technology, electric vehicles now incorporate
photovoltaic modules to harness an abundant and eco-
friendly energy source [4]. These innovative solar-powered
electric vehicles (SEVs) not only help reduce transportation
expenses but also contribute to environmental preservation
by enabling “zero pollution” mobility [5, 6].

Permanent-Magnet Synchronous Motors (PMSMs)
have found extensive use in electric vehicles due to their
impressive attributes such as high power density, excep-
tional efficiency, compact design, and dependable perfor-
mance [7]. Moreover, their widespread application in
conventional SEVs can be attributed to the rapid advance-
ments in permanent magnet materials and numerous
improved design features, including reduced noise and
vibration, increased power density, and more compact
dimensions [8, 9].

The conventional field-oriented control (FOC) method
has been extensively utilized within the PMSM drive sys-
tem to attain the targeted control execution [10]. In this
control scheme, a dual cascade loop controller is employed.
Typically, the inner loop is dedicated to current control.
Given the interdependence between torque and current
responses, achieving extreme-performance current control
becomes imperative. Numerous current control approaches
have been explored to attain both steady-state accuracy
and excellent transient performance. These strategies com-
prise fuzzy control [11], H,, control [12], predictive control
[13], and hysteresis control [14].

Within this array of approaches, the conventional dead-
beat predictive control (CDPC) distinguishes itself with its
notable feature of high-speed response. Nonetheless, it’s
worth noting that the permanent-magnet flux-linkage
parameter, the stator resistance and inductance, play piv-
otal roles in shaping both the steady-state and transient
performance of the conventional deadbeat predictive con-
trol. Discrepancies in these parameters often stem from fac-
tors like magnetic saturation and temperature fluctuations.
Additionally, the specificity of the SEV, marked by fre-
quent stops and starts, particularly in urban environments,
can further impact these parameters.

To strengthen the robustness of solar-powered electric
vehicles wversus parameter disparities, numerous studies
have been presented in the existing literature. In [15], an
innovative approach to enhance the robustness of predictive
current control for PMSMs is introduced. This approach
involves incorporating parallel compensation expressions
into the conventional deadbeat predictive control to miti-
gate the impact of multi-parameter disparities. In [16] a
solution to the parameter dependency issue of CDPC is
proposed. This improved model predictive current
control method relies on an incremental model of the
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Figure 1. Electric power system for solar-powered vehicles.

Permanent-Magnet Synchronous Motor. In [17] authors
investigate a DPC to resolve parameters disparity problem.
The proposed control permanently recognizes the induc-
tance and resistance of the stator for changed magnetic sat-
uration stages.

The present study delves into the application of Adap-
tive Deadbeat Predictive Control (ADPC) for Permanent-
Magnet Synchronous Motors within solar-powered electric
vehicles. This approach aims to harness the advantages of
predictive control, such as enhanced precision and
expanded control flexibility, while mitigating its primary
drawback, sensitivity to parametric variations. This is
achieved through the real-time estimation of PMSM
parameters.

The paper is organized as follows, after the introduction
the PMSM model is described then the PMSM conventional
control and the effect of PMSM parameter variation are
presented. After that, the proposed control is detailed,
and finally, simulation results are presented and discussed.

2 Solar-powered electric vehicle power system

Figure 1 illustrates the electrical model of the solar-powered
vehicle. The core components of this model include photo-
voltaic PV panels, acting as the primary renewable energy
source, along with batteries and supercapacitors that serve
as storage systems for energy. These components are inter-
connected to a DC bus using DC/DC power converters.
Another critical component in the SEV is the PMSM
motor, which is powered by a DC-AC converter. The
PMSM motor plays a vital role in driving the vehicle’s
propulsion system, converting electrical energy into
mechanical motion. Additionally, there are auxiliary sys-
tems connected to the DC bus that provide various func-
tionalities beyond propulsion. These auxiliary systems
cater to essential features such as climate control, lighting,
infotainment, power steering, and braking, enhancing the
overall driving experience and safety of the vehicle. The
integration of these components and systems creates an effi-
cient and eco-friendly solar-powered electric vehicle, offer-
ing sustainable transportation solutions with reduced
environmental impact.
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This study focuses on the PMSM motor and its corre-
sponding DC/AC converter. The PMSM used in this
research consists of three windings on the stator, along with
permanent magnets either embedded inside the rotor for
interior PMSM or mounted on the rotor surface for sur-
face-mounted PMSM. In both cases, the continuous time
model of the PMSM in the rotating coordinate system of
dg-axis is represented by equations (1) and (2). The adop-
tion of a rotating coordinate system, rather than the natu-
ral coordinate system, is a deliberate choice due to its
ability to achieve decoupling control and effectively reduce
the number of variables involved in the motor’s control
scheme. This approach allows for enhanced control and
improved efficiency of the PMSM, enabling precise manip-
ulation of the motor’s performance and behavior.

Ua(t) = Ria(t) — Luwr, (£)i,(1) + La di;it) W
U,(1) = Riy(t) + Ly (£)ia(t) + qu’é—(tt) +dont). (2)

To analyze the relationship between current and stator
voltage, equations (1) and (2) can be expressed as shown
in equations (3) and (4), respectively, with the dg-axis sta-
tor current selected as the state variable.

dig(t) 1

1=~ a(t) T out)iy(t) + 7 Ua(t), (3)

3 Conventional PMSM control

Within the realm of conventional PMSM control, numerous
strategies exist in literature. However, in this particular
study, our attention is directed towards the FOC and
CDPC methods.

3.1 Field oriented control

Figure 2 illustrates the FOC for the dg-axis PMSM cur-
rents. This control strategy primarily focuses on precisely
regulating the motor current components i, and 7, In this
work, the d-axis reference value current is set to zero since
the d-axis is aligned with the magnetic field of the perma-
nent magnets. By setting the d-axis current to zero, the
magnetic flux in the d-axis remains constant and aligned
with the permanent magnet’s field, which ensures a maxi-
mum torque at the minimum current. The transverse stator
current reference on the ¢-axis is computed via the external
speed controller ensured by a PI controller. After that, PI
controllers are used to regulate the d-axis and ¢-axis current
components. The controller compares the desired current
values with the actual currents and adjusts the voltage
applied to the motor accordingly. Once the desired d—q cur-
rent values are computed, they are transformed back to the
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Figure 2. Block diagram for FOC.

stationary reference frame to generate the necessary voltage
commands for the inverter that drives the motor. These
voltage commands are used to modulate the inverter’s
switching signals to control the motor.

3.2 Conventional deadbeat predictive control

Figure 3 depicts the CDPC applied to the d¢axis currents
of a PMSM. The primary objective of this control approach
is to achieve precise regulation of the motor’s current com-
ponents iy and 4, A PI controller is used to regulate the
motor speed.

The optimal voltage vector, which is applied to the
PMSM through a Space Vector Modulation (SVM) process,
is computed considering the PMSM state model (Egs. (3)
and (4)) and the Forward Euler discretization method
(Eq. (5)). The obtained digital prediction equations are
expressed by equations (6) and (7).

diag(t) _ taglk + 1] — day[K]
dt T, ’ ®)

iglk +1] = (l _ BT,

il 1= (1= 2 )ii) = pT.oldif
+ 20, -2 o @

The CDPC is founded on the prediction criterion outlined
in equations (8) and (9) for the d and ¢ axes, respectively.
This criterion ensures that the error between the motor
current components (ik + 1] and i,[k + 1]) and their cor-
responding references (ij[k] and i;[k]) is minimized, ideally
reduced to zero, as depicted in equations (8) and (9).

ik +1) = [k <= ik + 1] — 5[k =0, (8
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Figure 3. Block diagram for conventional deadbeat predictive
control.

iglk + 1] = 7 [k] <= i,[k + 1] — q,[k] = 0. (9)

Considering the two previous equations, the reference volt-
ages are expressed as follows:

U [K] = aiylk] + big[k] — pLoo[k]i,[K], (10)

U (k] = aiy K] + bi K] + pLoo[Kilk + coll],  (11)

According to equations (10) and (11), the accuracy of cur-
rent prediction relies heavily on the precise estimation and
calibration of model parameters. When these parameters
are correctly determined, the stator currents at the next
sampling instant closely align with the predicted values,
resulting in enhanced control performance. However, real-
world conditions introduce various factors that can affect
these parameters. Mechanical vibrations, magnetic satura-
tion, temperature variations, and measurement errors are
some of the key factors leading to changes in model param-
eters over time. These variations can significantly impact
the control performance by introducing discrepancies
between the predicted and actual currents. Consequently,
the control system may not respond as expected, potentially
leading to reduced efficiency and less accurate torque and
speed control. In the following sections, we delve into the

effects of parameter uncertainty on current prediction.
The study will analyze and discuss how these uncertainties
impact the overall control performance.

4 PMSM parameter uncertainty effects

Based on [10], the parameters that exert the most signifi-
cant influence are resistance, inductance, and flux parame-
ters. To explore the impact of parameter uncertainty on
current prediction, we represent these parameters as
follows:

R= Ry + Ap, (12)
L=1Ly+ A, (13)
¢ = ¢0 + A<i>- (14)

In case of parameter mismatch and based on equations (6)
and (7), the current prediction model can be expressed as in
equations (15) and (16).

ik +1) = (1 - %) idlk] + pT o[k, K]
s Uil (15)

(Ry+ Ag)

= (1= TR - 7ol

Ly+ A, ’

T,

+LO+AL ’I[]

(16)

Finally, the prediction errors between the model subjected
to parameter change given by equations (15) and (16)
and the real model given by equations (8) and (9) is
expressed as follows:

Ey=i,[k+1] — ik +1]
_ T(RoAL + LoAg) iulH — TAL
Lo(Ly + Ap) Ly(Ly + Ay)

Ualk], (17)

Eq:i/q[kJrl]fiq[kJrl]

T (RoAL + LyAg) . TAp
= k] — U,k
LO(L(]"’AL) Zq[ } LO(L(]"’AL) q[ ]
T.wlk A; — LyA
+p CL)[ ](¢0 L 0 d’) (18)
Ly(Ly + Ap)

Figure 4 illustrates the correlation between the mismatch of
the stator inductance and resistance and the d-axis current
error F,; Figure 5 is presented the relationship between
the mismatch of the stator inductance and resistance and
the ¢-axis current error K.
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Additionally, Figure 6 showcases the relationship
between the flux-linkage mismatch and the ¢-axis current
error E, Upon analyzing these figures, it becomes evident
that both current error F, and F, experience significant
variations when any one motor parameter mismatches.
The variation of a single parameter induces errors in the
predicted currents, thus leading to a decrease in control
performance.

5 Adaptive Deadbeat Predictive Control with
consideration for stator resistance rise

For the used PMSM motor, the winding resistance of the
stator is influenced by the internal temperature of the
motor. During motor operation, various factors, such as
current flowing through the windings and mechanical
losses, contribute to the generation of heat. As the internal
temperature of the motor increases, the resistance of the
motor windings undergoes changes. The relationship
between temperature and resistance in PMSM motors is
typically described by the positive temperature coefficient
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Figure 6. Relationship between the flux-linkage mismatch and
the g-axis current error E,.
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of resistance. In simple terms, as the temperature rises,
the resistance of the stator windings increases proportion-
ally. This change in resistance due to temperature varia-
tions has significant implications for motor control and
overall performance. With increasing temperature, the
resistance also increases, which, in turn, affects the current
flowing through the motor windings. Consequently, the tor-
que and speed characteristics of the motor can be impacted.
To address the influence of temperature on motor perfor-
mance and ensure accurate control, real-time resistance
adjustments are necessary. The adaptive control strategy
takes into account the estimated value of the temperature
(T) and dynamically adjusts the resistance according to
the temperature changes, as described by equation (19)
[18]. By incorporating temperature-compensated resistance
adjustments into the motor control algorithm, the system
can effectively adapt to varying operating conditions and
temperature fluctuations, leading to enhanced motor per-
formance and precise control. The real-time estimating of
the temperature is treated in several references [19-21]
and is not detailed in this paper.

OCR()(T — TQ) )

R=R
ot 1+O€T(]

(19)

The proposed adaptive ADPC is illustrated in Figures 7
and 8. In this control scheme, additional input is introduced
to the existing CDPC. This new input represents the real-
time value of the actual stator resistance. To obtain this
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Figure 8. Block diagram for Adaptive Deadbeat Predictive
Control.

value, the PMSM winding temperature is measured using
temperature sensors or can be estimated through sensor-less
temperature estimation methods or a prediction approach
[22-24]. Once the real-time stator resistance value is deter-
mined, it is subtracted from the predicted value based on
equation (19). This deduction enables the control system
to account for the influence of temperature on the motor
winding resistance. By incorporating this adaptive
approach, the ADPC can dynamically adjust the control
parameters and compensate for changes in the stator resis-
tance due to temperature variations. The integration of
real-time  temperature-based resistance adjustments
enhances the ADPC’s ability to adapt to varying tempera-
ture conditions, ensuring more accurate and efficient motor
control. This adaptive control strategy contributes to
improved motor performance and robustness, enabling the
PMSM to operate optimally across a wide range of operat-
ing temperatures.

6 Simulation results and discussion

Simulations are established in MATLAB/Simulink. For
simulation tests, several scenarios are used: the first one
with a simple step reference input speed, and the second
one with two driving cycle reference input speeds, namely,
the Urban Dynamometer Driving Schedule (UDDS) driving
cycle and the Economic Commission for Europe Regulation
15 (ECE R15) driving cycle. The studied vehicle is a golf car

Figure 9. Electric golf car 2-4 seats [25].

Table 1. Electric golf car parameters [25].

Parameters Characteristic

Voltage of battery 48V

Battery 8 V170 Ah x 6

Motor 48 V 3 kw AC
Asynchronous Motor

Passenger capacity 2/2 +2

Cruising range (km) 90-110

Curb weight (kg) 435

Gross weight (kg) 710

Max. speed (full load) (km/h) 24

Min. turning diameter (m) 5.3

Overall dimensions: Lwh (mm) 2306 x 1200 x 1760

Tread (mm) Front 875/Rear 980
Wheelbase (mm) 1660
Min. ground clearance 91

(full load) (mm)

with 2—4 passengers. In fact, nowadays, this car is not lim-
ited to golf courses; it is used for short-distance trips in air-
ports, businesses, universities, and residential areas. This
vehicle, as well as its characteristics, are provided in Figure 9
and Table 1, respectively. The PMSM parameters are pre-
sented in Table 2.

6.1 Simple step reference input speed

The simulation section is divided into two parts. The first
part shows the effectiveness of the CDPC against the
FOC. The second part proves the efficiency of the proposed
ADPC compared to the CDPC in the case of stator resis-
tance variation. During simulation, the rated speed of the
PMSM is regulated to 50 rpm. Figures 10-12 present a com-
parison between PMSM comportment when applying FOC
and CDPC. These figures illustrate the evolution of the cur-
rents 4y, 44 and i, respectively. As shown in both the three-
phase current and the dg components current, CDPC
results in fewer current harmonics.

In order to show the robustness of the proposed control
against stator resistance mismatch, an uncertainty equal to
5R is added to the real stator resistance. Figure 13 shows
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Table 2. PMSM and system parameters.

Parameters Symbols Values
Rated voltage Vv 48V
Rated current I 63 A
Maximum current Loox 95 A
Rated power P 3 kW
Rated torque T 6,36 N-m
Maximum torque Trnax 62.74 N-m
Number of pole pairs D 3
Stator resistance R 0.2 Q
Stator inductance L 8.5 mH
Permanent magnet flux linkage ¢ 0.175
Inertia J 0.8 gm?
Viscous friction coefficient v 0.001 N-m-s
Rated speed N 65 tr/min
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Figure 10. Simulation results of i, currents in case of (a) FOC

and (b) CDPC.

the evolution of the current i, in the case of the application
of CDPC and ADPC for a speed rotation change at 0.1 s.
As presented in this figure, the current ripple in the case
of ADPC is reduced compared to the CDPC. Also, the
current in the case of ADPC takes fewer time to attract

(@)
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Figure 11. Simulation results of i; current component in case
of (a) FOC and (b) CDPC.
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Figure 12. Simulation results of i, current component in case of

(a) FOC and (b) CDPC.

its reference compared to the CDPC. Figure 14 presents
the evolution of the current i; in the case of CDPC and
ADPC for a speed rotation change at 0.1 s. As presented
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in this figure, the current i, is well equal to zero in the case
of ADPC which is not the case for the CDPC.

6.2 Driving cycle reference input speed

Real-world scenarios involve electric vehicles experiencing
driving cycles of varying complexities, rather than simple-
step inputs. These driving cycles, especially city driving
cycles, are characterized by intricate patterns, random fluc-
tuations, and sudden changes, which significantly amplify
the challenges of effective control. In the subsequent sec-
tion, the effectiveness of the proposed ADPC was evaluated
using diverse international driving cycles. For the purpose
of this study, the electric vehicle’s control system was sub-
jected to two internationally recognized certified driving
cycles: the UDDS driving cycle and the ECE R15 driving
cycle. These selected driving cycles provide a comprehensive
assessment of the vehicle’s behavior under different opera-
tional conditions, facilitating a rigorous evaluation of the
control strategies.

6.2.1 UDDS driving cycle

Figure 15 shows the PMSM speed response for CDPC and
ADPC and its reference when the UDDS driving cycle is
applied in case of stator resistance mismatch. One can
notice that there is almost a match between the ADPC

=
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Figure 15. PMSM speed response and its reference for UDDS
driving cycle.
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Figure 16. PMSM current response for UDDS driving cycle.

Time (s)

Figure 17. PMSM i, and 4, current components for UDDS
driving cycle.

speed and the reference compared to the CDPC speed.
PMSM phase currents are shown in Figure 16. The zoom
on that figure shows that they are pure sinusoidal and
120° apart. Figure 17 presents the PMSM 4, and %, currents
in the case of ADPC.
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6.2.2 ECE R15 driving cycle

Figure 18 shows the speed response and its reference when
the ECE R15 driving cycle is used as input speed reference
and in the case of PMSM stator resistance uncertainty. As
shown in this figure, the best results are obtained with the
ADPC compared to the CDPC. Figures 19 and 20 present
the PMSM current response and the PMSM i, and 4, cur-
rents for the ECE R15 driving cycle in the case of ADPC.

In summary, the application of ADPC leads to results
that closely align with the baseline compared to the utiliza-
tion of conventional deadbeat predictive control.

7 Conclusion

This study introduces an Adaptive Deadbeat Predictive
Control (ADPC) strategy for a Permanent Magnet
Synchronous Motor (PMSM) integrated into a solar pow-
ered electric vehicle (SEV). The central aim of this control

idiq(A)

o 50 100 150 200 250 300 350

Time (s)

Figure 20. PMSM i, and i, current components for ECE R15
driving cycle.
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Figure 21. Experimental prototype.

is to mitigate the impact of stator resistance mismatches.
The core principle revolves around real-time control adap-
tation through the continuous estimation of the resistance
value, considering the actual winding temperature. The
simulation outcomes validate the effectiveness of the pro-
posed ADPC strategy in enhancing control robustness
against stator resistance variations. By offering dynamic
adjustments to the control parameters based on the chang-
ing temperature and its effect on resistance, the ADPC
demonstrates its potential to significantly improve the sta-
bility and performance of PMSMs in the context of SEVs.
This approach holds promise for advancing the reliability
and efficiency of electric vehicle propulsion systems, con-
tributing to the broader objective of sustainable transporta-
tion. For further work, an experimental setup, given by
Figure 21, will be used to illustrate the effectiveness of the
proposed ADPC control strategy. It includes (1) an Inte-
grated Permanent Magnet Synchronous Motor (PMSM)
in the wheel functioning as the propulsion unit; (2) a micro-
chip DC/AC power converter responsible for converting
direct current from the power source into alternating cur-
rent; (3) an incremental encoder system which provides
instantaneous measurement of the wheel’s rotational speed;
(4) a measurement board that provides current measure-
ments and (5) Texas Instruments TT F28335 digital solu-
tion, which is wused for the control algorithm
implementation.
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