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Abstract: Electric vehicles are regarded as a significant way to mitigate the global energy crisis and the
environmental pollution problem. Motor control is a very important part for electric vehicles. As for
hardware, a motor controller usually has components such as a power module, microprocessor unit,
IGBT driver, sensors, and resolver-to-digital convertor. As for software, a field-oriented control (FOC)
with space vector pulse width modulation (SVPWM) is a popular method, while model predictive
control (MPC) has recently shown great potential in motor drives. In this paper, both FOC and MPC
are discussed and the performances are compared based on experiments. As the implementation
is on a digital processor, the discretization and normalization are addressed, and the flux observer
and speed estimation are discussed. Some practical issues for implementation are also talked about,
such as field weakening control, overmodulation, etc. This paper focuses on how to implement
the improved motor control for electric vehicles as industrial applications. The steady-state torque
performances of this motor controller are verified by motor test-bench experiments. MPC shows as
good performance as FOC in these experiments.

Keywords: electric vehicles; field-oriented control; model predictive control; induction motor; motor

control

1. Introduction

Environmental pollution and an energy crisis have been global challenges for all
human beings in recent decades. The research on new-energy automobiles has become
a focused area and the study on electric vehicles has come to the front line as they have
excellent performances. The motor controller is one of the fundamental control components
of electric vehicles. It dominates the drive safety and has significant effects on the efficiency
of the drive system. It is also related to the comfort design of electric vehicles [1-4]. Hence,
conducting research on the motor controller is meaningful for human life.

Permanent magnet synchronous motors (PMSMs) and induction motors (IMs) are
the most widely used motors for electric vehicles. The PMSM has high efficiency and
high energy density, while the IM has high reliability and low cost. They both have quite
good performances for drive systems [5-8]. As for motor control methods, there are the
V/F control, field-oriented control, direct torque control (DTC), model predictive control
and some other advanced control methods like neural networks, fuzzy control, etc. The
comparison of classic FOC, DTC and MPC are shown in Table 1. For the motor control of
electric vehicles, the FOC appears to be the most popular control approach [9-11]. However,
MPC on motor drives has been widely studied recently and promoted as an improved
approach for the motor controller [12-14]. In this paper, the implementation of MPC for
the motor controllers of electric vehicles is addressed.
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Table 1. Comparison of Control Methods for Electric Motor Drives.
Comparison FOC DTC MPC
Speed Estimation Encoder output Encoder output Encoder output
Speed Controller PI PI Cost function definition
Flux-linkage Estimation N/A abc-f3 transformation abc-dq transformation
Flux-linkage Controller N/A Hysteresis controller Cost function definition
Current/Torque Estimation  abc-dq transformation  Calculation from flux-linkage and currents abc-dq transformation
Current/Torque Controller PI Hysteresis controller Cost function definition
Inverter Control PWM Look-up table Cost function definition

This paper is mainly focused on how to implement a motor control for electric vehicles
based on the microprocessor. Apart from the implementation of FOC, MPC and SVPWM,
some other necessary processing such as field weakening control, speed estimation and
overmodulation are explained as well. When conducting implementation on a digital
processor, some practical aspects, such as discretization, normalization and fault diagnosis,
also need to be considered. All these issues are discussed in this paper and the solutions for
each problem are proposed. The torque performance of the final control approach is verified
on a motor test-bench. The experiments’ results will help further study on industrial motor
controllers to achieve better performance.

The contributions of the paper include: (1) it shows both the theory and practice on
how to implement a real motor controller based on a micro-processor for electric vehicles;
(2) the improved FOC in this paper has a torque ripple under +3% within rated power,
which is great compared to the currently used vector control of induction motors; and
(3) this paper discusses implementing the MPC method for the motor controller and
compares it with the FOC method, which can help explore the application of MPC for
electrical vehicles.

It has to be noted that the motor controller is based on an induction motor in this
paper, while the control scheme works both on IMs and PMSMs.

2. Construction of Motor Controller
2.1. Model of Induction Motors

Considering the linear behavior of the magnetic core, the mathematical model of an
induction motor described in the rotating coordinates frame is expressed as:

Ly, .

Prg = mlsd 1)
3L .

T, = Eﬁp¢rdlsq )

where L, and L,, are the rotor inductance and mutual inductance, respectively; 7, = IL{—; is

. . . . (1 . (0
the time constant of the rotor, where R, is the rotor resistance; iy; ( O) and iy, ( 1 ) are the
two orthogonal vector components of the stator current, respectively; p is the number of

pole pairs; 1,4 <(1)> and Prg <(1)) are the two orthogonal components of the rotor flux linkage,
respectively; and T, is the electromagnetic torque. The unit vectors of the projection, ((1)>

and (?) , will be omitted in context in the remaining parts of this paper.

The stator current is decomposed to two orthogonal components i;; and is; in the
rotating coordinates frame. Hence, the electromagnetic torque can be dominated through
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the imaginary component is; and the rotor flux magnitude ¢,, is dominated by its real part
isq in the FOC method [15].

Based on the equations presented above, the motor behavior could be represented by
its internal variables, which are the current and fluxes, and the stator voltage vector. The
state-space motor model in a rotating coordinated frame could be expressed as:

X = AX + BU
frs ®
e 4
where X = :;q , U= [zs‘i} LY = [i.s‘i} ,and ug4, usg are the two orthogonal components
rd sq 5q9
Prq
of the stator voltage, respectively.
The system matrix A, input matrix B and output matrix C are represented as:
RsL24+R, L2, Ly L
T L2 wy oL L, T, TL.L;Y
RsL24+R, L2, Ly L
A= _CUf B oLsL2 " oLsLy w oLsLy Ty (4)
Ly 0 1
T T wf—w
0 L—’j — (w = w) - %r
1
oL (1)
0 0
10 00
€= [O 10 0} ©)

where Rs, L,, R,, L,; and L are the stator resistance, rotor inductance, rotor resistance,

mutual inductance, and stator inductance, respectively; o = 1 — LLT%LZ,/ T, = 1%, w is the
motor speed, and wy is the rotating speed of coordinate. In this case, wy is equal to
synchronous speed ws.

For the purpose of implementing the motor controller in a micro-processor, the discrete
time state-space expression of the system is needed. Although the instantaneous value of
motor speed w in the matrix A is a time-varying variable, it can be regarded as a constant
during each control period for a high frequency of control circles [16].

The discretized state space representation of the motor is expressed as:

{x[k + 1] = Px[k] + Tulk] @
y[k] = Cx[K]
where:
O = AT 8)
_ Ts AT
= /0 e TBdt )

where T is the system sampling period, which can be chosen to equal the control period Te.

The system matrix A could be divided into two parts as in Equation (10) shown below.
One part is related to the motor speed, which is presented as A, and the other part is a
constant matrix, which is presented as Ac.

A=A+ Aw (10)
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where:
_ RLZHR,LG 0 L 0
oLg L% oLsLy Ty
0 _ RL2+R,L2 0 L
Ac = oLsL2 oLsL, Ty (11)
Lin _1
T, 0 T, 0
L 1
0 b 0 -1
L
0 0 0 L
_ Lm
A, = 0 0 LW 0 (12)
0 0 0 —w
0 0 w 0

Considering discretization with zero-order hold, A could be taken as a constant matrix,
which could be showed as:

Ts
x[k +1] = eAHTsx k] + / eAMTBAT % ulk] (13)
0
For each control period:
The exponent part can be presented as:

PAKTS _ AT JAG KT, (15)

The first part of (15) can be calculated off-line, while the second part can be obtained
by power series expansion.
From the Cayley-Hamilton theorem, one can acquire

1 0 ;4 (1—cos wly)  z% sin wTs
Ly : L
eAuTs — 01 — o0 sin wT; e (1—cos wTy) (16)
0 0 cos wTs —sin wTs
0 0 sin wTy cos wT;
while e<Ts can be obtained by off-line calculation. Then:
® = AT = pATspAWTs (17)

To calculate T based on Equation (9), the integral of the products of eA™s and B is
needed. It is noted that the last two rows of matrix B are zeros, and thus A can be divided
to three parts for calculation.

1
& 0 00
A 0 - 00 (18)
cl — Lo
B0 00
0 %ﬂ 00
Ly
00 oLsL, T, 0
0 0 0 _ L
Ae= iy s e (19)
0 0 0 —i
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where: 5
oLsL

kg = ———2> 17 20

77 RsL2 + R,L2, 0

The eigenvalues of Ay are Ay = Ay = 0,A3 = Ay = _k%' Similarly, the coefficients

can be obtained by the Cayley—Hamilton theorem, and then e/<1”s is obtained.

When calculating edals Ay, Agl, Agl are needed. In fact, the sum of the products
of Aq, Agl, Agl with their related coefficients has the same pattern of the power series
expansion of the exponent of eigenvalues. Then e<1’s can be obtained directly in some way.

Throughout the calculations above, one can have:

A(1,1) 0
I T 0 Ad22)
_ AT _ s c\4/
F—A L Pt (21)
0 Acd42)

where A.(i)j) is the element of matrix A. with row i and column j.

By now, the discretized state matrix ®, input matrix I' and output matrix C are all
accessible by proper calculations [17]. Then the stator current can be updated and predicted
by the mathematic model, i.e., Equations (7)—(9).

From the aforementioned equations, it is noted that the calculation of ® and I' is a
complicated and high time-consuming process, and yet it is difficult to achieve the precise
values. Therefore, approximate matrices are usually used in the process. There are many
approaches to obtain a sample data-based representation for the system. Among these
methods, the Euler approximation is a good way to acquire the discrete time system, as it is
simple and can be easily calculated. With a compromise between precision and calculation
of the model, Heun’s method [18,19] is applied in this program, which is represented as:

XPlk+1] = X[k] + (AX[K] + BU[K]) T »
{Xm+u_xﬁk+u+AQ@w+u_xmpg (22)

Tfk+1] = Snpyelk+1] x isfk+ 1] 23)

where T is the sampling period and it has the same value as the PWM control period in
this project; T, is the torque; ¢ is the stator flux linkage; i; is the stator current; and 7, is
the number of pole pairs.

Given the motor speed, the instantaneous values of matrices A and B must be updated
at every control period. U[k] is chosen from the available stator voltage vectors. X[k], the
estimated value of X[k], can be obtained by a system observer. X?[k + 1], the predicted
value of X[k], can be obtained by the discrete time model (25). With the predicted values,
electromagnetic torque and stator current control can be obtained by the minimization of a
proper cost function. Normally, the combination of current, torque or flux in some way is
used for the cost function optimization [20]. The current is chosen for the cost function in
this project.

2.2. Hardware of the System

Figure 1 shows the structure of the motor control system. It has five key components,
namely the power supply, micro controller, IGBT driver, resolver-to-digital convertor, and
data acquisition and protection part.
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Figure 1. Diagram of motor control.

The power source for electric vehicles is generally a set of batteries. It is common to
see 580 V with electric buses, while 380 V for electric cars. A power supply module converts
the high voltage from the battery sets to different levels of lower voltage as power sources
for the components on a circuit board.

The resolver-to-digital convertor detects the motor speed and direction and then
transfers them to three square wave signals (A, B and Z). Signals A and B have 90 electrical
degrees out of phase, which represent the motor speed. Signal Z represents the direction of
motor rotation. Smart-coder AU6802 is the resolver-to-digital convertor used in this project.

The data acquisition and protection part collects from sensors the information about
current, voltage, temperature, etc. It also deals with the original speed signals from the
speed sensor. It transfers the sensor data to the micro controller for further processing. The
max value of the analog-to-digital converter (ADC) for the current represents 1273.5 A, and
the max value for voltage is 963 V.

The micro controller is the core of the system. It processes all the information of the
motor control and communicates with the vehicle controller. It produces PWM signals
for IGBT driver based on the FOC or MPC algorithm. It also processes the fault diagnosis
and all the other supporting algorithms. DSP TMS320F28335 from Texas Instruments (TT)
is used in this project. F28335 has a high processing speed and is qualified for industrial
applications, which is quite good for application in a motor controller.

The IGBT driver responds to the instructions from the micro controller and produces
the corresponding voltage signals (U, V and W) to drive the motor. The IGBT directly
uses battery voltage as a power source for the motor. It is designed on a separate circuit
board from the CPU, so that it can be updated easily and safely for different systems. In
this platform, FF400RKES3 is chosen as IGBT and M57962AL is chosen as its driver. IGBT
FF400RKE3 has a DC forward current of 400 A, gate threshold voltage of 5.8 V, turn-on
delay time of 0.25 us, and turn-off delay time of 0.5 ps. The IGBT driver M57962AL has
two voltage supply topologies and its output voltage works at 15 V for the IGBT gate.

3. Implementation of Algorithm
3.1. Scheme of FOC for AC Induction Motors

Figure 2 shows the basic structure of the FOC for AC induction motors. Some of
the function blocks are designed by referring to the modules from the TI library. It is
flexible to add new features and update these function blocks separately, which makes
them convenient to be used in other systems as well. When operating the algorithm on a
digital controller, like DSP, these function blocks are tested one by one. The performances
of the blocks are tested by group to make sure that all these functions could work together
as required.
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Figure 2. Scheme of FOC based on a digital controller.

In the scheme as Figure 2 shows, the iPark macro carries out the inverse Park trans-
formation and the Park macro executes the Park transformation. SVGEN macro copes
with both the inverse Clark transformation and SVPWM. Clarke macro executes the Clark
transformation. Two zero vectors (Uy, Uy) and six basic vectors (U1-Ug) are used in the
three-phase inverter as shown in Figure 3.

U, (010) U, (011)

U, (110)

Us (100) Us (101)

Figure 3. SVPWM scheme: U;-Ug are the basic vectors, Uy and Uy are the zero vectors, and T is the
control period.

Uy is the combination of Uy and Up as input. It can be decomposed to two vectors
based on the six basic ones. Thus, the PWM durations Ty and T, of the two corresponding
basic vectors are needed in the program to acquire the right components. Therefore, it has
to be decided in which sector the U, is located for picking up the correct duration. To
resolve the correct choice, three variables, Vi,r1, Vier2 and Vi,r3, are applied.

Vrefl = uﬁ
—Ug++/3U,
Viep2 = —F5— (24)
—Ug—/3U,
Vieps = —t g

If Viers > Othenc=1,else c=0; if V;,pp > O thenb =1, else b =0; and if V;,;; > 0
then a =1, else a = 0. The sector index is defined as a + 2b + 4c. By doing this, the correct
location sector of U,.r can be worked out.

According to the structure of IM, the magnitude of all the space vectors is %Vdc- The
maximum phase voltage, line to neutral, is %Vdc. To obtain the duration, the voltage
vectors here are normalized by the maximum phase voltage. There are actually only three
primary values for obtaining the durations in all the possible combinations. Variables X, Y
and Z represent them, where:
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X =Ug
Y = §(V3U + Up) (25)
Z = §(~v3Us + Up)
Resolving all the durations in the six sectors respectively, the results can be shown as a
duration table: Table 2. As the implementation is based on a microprocessor, the related

registers are used for the trigger value and thus the expected PWM for motor drive can be
obtained [6].

Table 2. Duration Selection table.

Sector Vector t1 ty
1 Uz, Uy Z Y
2 Uy, Ug Y —X
3 Uy, Uy —-Z X
4 Us, Uy —X Z
5 Us, Uy X -Y
6 Us, Ug -Y —Z

QEP and Speed macro complete the tasks of the speed calculation. CURMOD macro
is the current model for estimating flux linkage. It calculates the electrical angle of motor
from speed while the electrical angle is a key parameter for the Park transformation and
its inverse form. PID macro plays the role of PID control. It decides the transient and
steady-state performance of the motor control.

3.2. Scheme of MPC for AC Induction Motors

Figure 4 is the basic scheme of MPC for AC induction motors. For comparison of the
performance of FOC and MPC, the MPC here is applied in a rotating coordinated frame.
Stator current references Lares and Ijger are the inputs of the MPC model. Stator voltages in
stationary frames U, and Uy are the outputs of the model. As the state vector is in a rotating
frame according to Equation (3), inverse Park transformation and Park transformation are
used in this scheme, which are shown in the red rectangle. Compared to Figure 2, the phase
voltages are also measured and the flux linkage is estimated in the current module.

IgRef
SpeedRef BID q ‘
o
(cost function
‘ minimization)

IdRef ‘ Lt

IdSet

Speed — — 1 ]

Clark_b

Figure 4. Scheme of MPC based on a digital controller.
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The current module works as the system observer for the rotor flux and electrical
angle [11]. The input variables of this module are the rotor speed and stator current in
the rotating frame I; and I;. Using i,;, to represent the magnetizing current for the rotor,
Equation (1) can be rewritten as:

Wrd = Liirm (26)
) di )
Isa = Tr drtm + trm (27)

The slip speed in rotating frame is represented as:

L isq
TPy

where w;  is the rotor flux speed and w is the rotor speed.

In the implementation algorithm, i, is obtained by using the discrete equation of (30),
and 1, is obtained by Equation (29). In the current model, the total rotor flux is aligned
into the d-axis component, thus:

Wslip = Wyf — W = (28)

Pra = Pr (29)
g =0 (30)

The rotor flux linkages could be transformed into the stationary reference frame by
inverse Park transformation, which are shown below.

Yra = Prgcos 0 — Ppysin 6 = P, cos 0 (31)

Yrp = Pra sin 6 + g cOS 6 = 1, sin 0 (32)

Rotor speed is obtained using sensors and thus the rotor flux rotating speed can be
derived by Equation (31). Once the motor flux speed has been calculated, the rotor flux
position (electrical angle) is computed by the integration formula as:

Ok +1] = 0[k] + w, ¢ Tc (33)

It has to be noted that in the program in a digital micro-controller, all the variables are
used in normalized form. Based on the aforementioned equations, the current module can
obtain the estimated flux and the rotor flux position. The flux angle is needed in the Park
transformation and the inverse one. Flux linkage is needed in the predictive model.

The measured values of the current in a feedback loop are used in the predictive
model [21,22]. Giving U[k], measured I[k] and estimated flux from the current model for
state variable X[k], the predicted state variable X” [k + 1] can be obtained by Equation (22).
YP[k + 1] can be computed after X?[k + 1]. In this program, the optimal voltage vectors are
finally obtained from the minimization of the cost function F as Equation (34) shown below.

F— (Id,ef — Plk+ 1])2 + (Iq,ef — IFlk+ 1})2 (34)

where I;.r and Iy, s are the reference stator currents.

For each stator voltage variable, the cost function F is calculated and compared with
each other. The optimal voltage vectors that make the minimum cost of F are applied to
the motor in each control period. The next step determines which stator voltage variables
are available for the program. In most papers, only six basic vectors and two zero vectors
(U7(111), Up(000)) are used [13]. In this MPC scheme, giving U, and Ug, SVGEN macro can
produce the PWM waves that the IGBT driver needs. It is dominated by the registers of
PWM of digital controller, which guarantees that in each control period the chosen voltage
vectors always start with possible zero vector and end with the same one (central symmetry
setup in register mode). By using this mechanism, more combination of U, and Ug can be
available for the MPC algorithm. In this paper, 12 basic voltage vectors and 2 zero vectors
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are used, which leads to better performance than the 6 basic vectors algorithm. The voltage
vectors are shown in Figure 5. The related combination of U, and Uy are shown in Table 3.

Us(010)  Us! £

U

Us (100) ™ Ug (101)

Figure 5. Basic space vectors scheme. Each voltage vector projects to a specific combination of U,
and Ug. Twelve combinations and two zero vectors build up the basic voltage control set.

Table 3. Basic voltage vector control set.

Vector u, Ug

U; 2V 0

Uz 3 Viae é Viae
Us - % Vie @ Vie
Uy -3V, 0

Us - % Ve — 5 Vic
Ue 3 Vic =5 Ve
Uy 3Vie 6. Vic
Usg 0 3 Viae
Uy %Vdc % Ve
Uy Ve - @ Vie
Un 0 — @ Ve
U 3 Ve — @ Vie

3.3. Speed Calculation Algorithm

As the Clarke transformation and Park transformation both need the rotor flux angle
information while the flux angle is obtained from the speed value, speed measurement
becomes a very important process for the motor control algorithm. It is worthwhile to
spend some time to tune the parameters to achieve better accuracy for speed calculation.
The speed measurement formulas are shown below:

X X
= e T AT >
ogle] = L =21 AX (36)

where X is the unit position representing the number of quadrature edges; AT is the time
interval within the unit position; AX is the incremental position in unit time; and T is the
unit time for the speed measurement interval.

It is verified that Equation (38) performs better at low speed while Equation (36) is
better for high speed. The speed used in the algorithm comes from a compromise between
these two methods. The speed calculation program flow is shown as Figure 6.
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li Call QEP_MACRO —l
UPEVNT T r uto

‘ NO
YES

Use equation Use equation
X/ AT AX/T

Adjustment
between the two

results

end

Figure 6. Speed calculation program flow diagram.

3.4. Speed Sensorless MPC
3.4.1. Flux Linkage Estimation

As mentioned above, the flux linkage can be derived from the measurement of motor
speed. This model is called the current model. It needs a sensor (resolver-to-digital
convertor) to calculate the motor speed. Another model is called the voltage model,
which does not need a speed sensor. It calculates the electromotive force from the voltage
equations of the motor first and then it obtains the flux linkage by calculating the integral
of electromotive force. The fundamental equations of the voltage model are listed as:

Pso = / (Usq — Rsisy) dt (37)
fop = | (usp = Rei) 9)
Pro = LL—mw -~ LLL;L’Z"z (39)
Vrp = Top LerL;L'Z"isﬁ (40)

where 5, and ¢ are the two orthogonal components of stator flux linkage under station-
ary frame, respectively; ¢, and ¢, are the two orthogonal components of rotor flux linkage
under stationary frame, respectively; and, in a similar way, s, Usp are the components of
stator voltage and is,, isp are the components of stator current.

The rotor electrical angle 8, can be derived from Equations (39) and (40), as shown below:

_ wrlB
0, = 1 () 41
tan Yra (41)

The current model requires the measured speed of the motor, so it can be used in the
full speed range of the motor, but it depends on the measurement accuracy of the motor
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speed. According to Equation (31), the current model is based on the motor time constant.
With the rotor resistance changing because of the rising temperature of the motor, it will
affect the accuracy of the estimated flux linkage. Therefore, when the current model is used
for estimation, a temperature compensation is generally needed for better performance.
The voltage model only needs to measure current, voltage and stator resistance. It does
not require speed information and does not depend on the motor time constant. Therefore,
it is relatively robust to motor parameters. However, the voltage model uses an integral
algorithm, so errors will accumulate. The model error of the motor in the low-speed stage
is relatively large, and the voltage model is often inaccurate. Therefore, to make the flux
linkage estimation more accurate, a good way is to combine both the current model and
the voltage model. A PI controller is used here to work with the current model and voltage
model for better performance in this program.
The improved voltage model equations are listed as:

Psg = /(usuc — Rsisy — ucoma) dt (42)

Psp = /(usﬁ - Rsisﬁ - ucomﬁ) dt (43)

where the ucoma and u¢oyp are the compensation voltages. Using superscripts v and i to
distinguish the estimated values of the voltage model and current model, the compensation
voltages can be written as:

e = Ky (92— 9ia) + 72 [ (v — vl (34)

ucomﬁ = KP (lpgﬁ - l/J;‘B) + I;’; /(nglg - 1/1;‘5) dt (45)

By selecting the appropriate proportion constant Kj, and integral time constant T, the
flux linkage estimation can be dominated by the current model at low speed, and by the
voltage model at high speed.

3.4.2. Speed Estimation

Generally, in electric vehicles, either a sensor is used to directly measure the speed
signal, or a sensorless method is used to estimate the speed. The sensor method can measure
a more accurate rotation speed, but a decoder needs to be added, which increases the cost
and also increases the failure rate. The sensorless method needs a flux linkage observer to
estimate the speed. The extra hardware equipment is omitted, but the calculation results are
relatively less accurate. Therefore, whether or not to choose a speed-sensorless algorithm
requires comprehensive consideration. For example, an electric bus needs to start and stop
frequently in its daily routine, so a speed sensor is necessary to ensure that a relatively
accurate speed value can still be obtained during the low-speed stage of the start-up. In
fact, a speed-sensorless algorithm can work as an insurance in the program. When the
sensor is broken, the estimated speed could take in the charge and make sure the electric
vehicles could stop safely.

The speed-sensorless algorithm is mainly based on the measurement of the rotor flux
linkage. According to Equations (39)—(41), the flux linkage observer can obtain the two
components of the rotor flux linkage in the stationary coordinate frame and the rotor flux
linkage angle. Then the rotor flux can be obtained by:

Pr=\/¥h+ 12 (46)

The rotating speed of the rotor flux linkage can be obtained by the differential of the
rotor flux linkage angle (41), which is shown as:
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dll’!‘ﬁ dl,bm
do, 2, (lpm a ~ Vi )
We=—-="= 5 (47)
dt ll)r IIJWX
Substituting the flux linkage equation in the two-phase stationary coordinate frame
into Equation (50), the rotating speed of the motor can be expressed as:

1L . .
Wy = We — *277’1 (lpmlsﬁ - ¢rﬁlsa) (48)
yr Ty

The second part of Equation (48) is actually the slip speed in the two-phase stationary
coordinate frame. Its current is given by the controller. The torque of the motor can be

expressed as:

3Ly . .
T, = Efr}?(lpmlsﬁ - wrﬂlsa) (49)

where p is the polar pairs of the motor.

To conduct the estimation in the rotating coordinate frame, the Park transformation
needs to be added beside the model, which transforms the current in the rotating coordinate
frame to a stationary frame.

3.4.3. Speed-Adaptive Flux Observer

The estimation based on the mathematical model of the motor is often affected by
the motor parameters. The lower the speed, the greater the error of the estimation, and
the control performance is correspondingly poor. The design of an adaptive current
feedback observer can effectively increase the stability of the system, thereby improving
the control performance.

The current feedback observer actually uses a current feedback as a correction term to
the motor state equation. This correction can compensate for the error deviation and form
a closed-loop state estimation [23].

The improved state observer can be written in the following form.

%’t‘ = A% + Bug + K(is — is) (50)
where # and i are the estimated values of the corresponding state vector, A is the system
state matrix, B is the input matrix, and K is the gain coefficient matrix of the current
feedback. Article [23] lists the selection rules of the gain matrix in detail. It shows the proof
of the Lyapunov function, proves that adding current feedback can improve the stability of
the system, and also presents the method to compensate for the error. The speed and stator
resistance are estimated and the speed estimates are compared. It can be seen that this
method requires a large amount of calculation and has certain flexibility in the selection of
K parameters.

Considering the induction motor model with stator current and rotor flux (or stator
flux) as state space variables, the form of K matrix can be decided, and G is used to represent
the gain matrix of the subsequent current feedback model [24,25]. G; = — (g1, + jg1;) can
be taken as the stator current feedback gain in the stator current estimation equation, and
Gy = —(g2r + jg2i) as the stator current feedback gain in the flux estimation equation. By
placing the poles, one can have:

oLsL:b
81ir =2b, 81 =0, gor = —%, &2i =0 (51)
m
where b is a negative constant.
The general principle of pole selection is to make the pole of the observer be the pole

of the original induction motor or to make the pole move proportionally to the left [26].
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This configuration strategy can make the pole have a larger imaginary component, but it
can still have stable performance at high motor speed [14,25].

In addition to the current feedback observer, the method of extended Kalman filtering
can also be used for observer design. The extended Kalman filter is working as an adaptive
system because its filter gain can be automatically adjusted according to the working
environment. The Kalman filter can be designed to estimate the state prediction X[k + 1]
first, then calculate the predicted value P[k + 1] of the covariance matrix, calculate the gain
matrix K[k + 1], calculate the state vector estimate X[k + 1], calculate the estimated value of
the error covariance matrix P[k + 1], and finally determine the covariance matrix Q, R, P. It
is seen that the method of extended Kalman filtering is relatively complicated, so when
implementing the speed-sensorless motor control algorithm, the current feedback observer
is generally used.

3.5. Implementation on Microprocessor
3.5.1. Discretization and Normalization

To carry out the model predictive control algorithm on the microcontroller, it is neces-
sary to perform discretization and the variables in the program need to be normalized.

In the two-phase rotating coordinate frame, the estimated flux linkage of the current
model can be represented as:

Pralk] = Kiprglk — 1] + Kaigg  pu (52)

where: T T
Ki=—"'—,Ky= s 53
e O Il e (53)

pu is short for per unit and is omitted in context below. In the two-phase stationary
coordinate frame, the estimated flux linkage of the current model can be shown as:

wéapu [k] = K3¢£apu [k] + K4isapu [k] (54)

lpéﬁpu [k] = K?)llj:"‘Bpu [k} + K4isﬂpu [k] (55)
where: )
. L7m _ LsL, — Ly,

K3 - Lr /K4 - Ler (56)

In the two-phase stationary coordinate frame, the electromotive force (EMF) estimation
of the voltage model can be expressed as:

Csapu [k] = Usapu [k] — Ksisq [k] — Ucomapu [k] (57)

€sBpu [k] = UsBpu [k] - KSiSﬁ [k] — UcompBpu [k] (58)
where: LR
_ IpBs

Ks = 7 (59)

I is the base current, and Vj, is the base phase voltage. In the two-phase stationary
coordinate frame, the stator flux estimation can be represented as:

(esapulk] + esapulk — 1))

lpgapu [k} = l/}grxpu [k - 1] +Ke 5 (60)
sppu k + sppu k - 1
Foull] = gk — 1]+ K2 cop ) (61)
where: VT
K¢ = bls (62)

" L,
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In the two-phase stationary coordinate frame, the rotor flux estimation can be ex-
pressed as:

w;jzxpu [k] = K7¢§a¢pu [k] - KSiSlXPu [k] (63)
lpfﬁpu [k] = K7lp§ﬁpu [k} - KSisﬁpu [k] (64)
where: ,
_ Ly _ LsL, — Ly
Ky = L, Kg = TLoL, (65)
The rotor flux linkage angle can be shown as:
1 _ 17[]17')/3 u[k]
0 pulk] = — tan™"! P (66)
el = o7 (zm,m [k]

Equations (52)-(66) give the normalized formula used in the algorithm of the flux
observer program.
The normalized speed calculation formula can be expressed as:

i — i
Wrpu = Wep — Ko lpmpu sBpu ; lpr‘Bpu sapu (67)
lprpu
where: .
Kg = ——— =2 68
9 war, Wy nfb ( )

wy is the basic electrical rotating speed in rad/s. The discretized normalized flux
linkage rotating speed can be expressed as:

Wepu [k] = Kjp (erpu [k] - erpu [k - 1]) (69)

where:
1

B f v 1s
Usually in the actual algorithm implementation, a first-order filter is used in the speed
calculation, so it becomes:

Kio (70)

Wepu [k] = Kllwepu [k - 1] + K12wepu [k] (71)
where: T 1
Tc s
Kij=——, Kip = , Te = 72
n= e Ke = i T = g (72)

T. is the first-order filter time constant with f. as the cutoff frequency.

After having the rotor flux value, the estimated speed can be obtained according
to (67).

When the system is implemented, giving the parameters of K;—Kj; and the motor pa-
rameters, then the flux linkage observer and speed estimation module can work as expected.

In the experimental model predictive control algorithm, there is often a one-step
delay [27]. Having the estimated state variable at time k, the control vector U selected by
the predictive cost function needs to wait for a sampling period before it can be applied to
the motor control system. At that time, the state variable has become the value at [k + 1].
The current and flux sampled at [k + 1] use the measured voltage at k, and the torque and
flux at [k + 2] are predicted. Therefore, some articles consider the system delay and use the
state variable estimated at [k + 2] as feedback to perform the calculation of the cost function.

Considering the one-step delay, the cost function can be represented as:

J = [Lx—lf(k—i-Z)r—i-[I!;—Ig(k—FZ)r (73)
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3.5.2. Main Program

The FOC/MPC algorithm is implemented on a digital control unit and it is the key
process of the motor controller for electric vehicles. Its control cycle is chosen the same
as the PWM interrupt service cycle. Apart from the main FOC/MPC algorithm, the
error diagnosis, field weakening control, overmodulation, current/voltage protection,
communication with PC and VCU and some other practical contents are also considered
when undertaking implementation [6].

The flow diagram of the main algorithm is shown in Figure 7. After the motor
controller is powered up, the Devicelnit block works first, which initializes the system clock
and GPIO. If the program is working on Flash, MemoryCopy block will copy the main
interrupt service functions (ISRs) to RAM to save operation time. Then the CAN and SPI
get initialized and motor parameters are retrieved from FRAM. After ADC and PWM are
initialized, three functional tasks start operating in the background loop. Task A deals with
the measurement and protection for voltage and current, monitor of the temperature, and
it also collects some data for analysis online. Tasks B and C handle the communications
with PC software and VCU. The data are coded by CAN protocol, which is common in
electric vehicles. The driver instructions, such as starts and stops, speed acceleration or
deceleration and changing gears, are all sent by CAN in these tasks. PWM_ISR contains
the main algorithm for FOC and MPC, while FAULT_ISR works for fault diagnose [11].

Start(Main)

MemCopy()

Background
Loop

Figure 7. Main program flow diagram.

The MPC program flow diagram in the PWM interrupt service function is shown in
Figure 8. In general, the model predictive control algorithm first measures the voltage and
current of the motor and then calculates the magnitude and angle of the rotor flux linkage.
Next, it acquires the motor speed through the speed sensor and current model, or from the
voltage model with the speed-sensorless algorithm. Then the predictive model predicts
the stator current, torque and the magnitude of the flux linkage for the next step, and then
uses the cost function to select the optimal control voltage. Finally, it generates the required
PWM to drive the motor through the SVPWM algorithm.
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PWM
Interrupt

1a[K] 1G[KT | wK]

1P[k+1] 120k+1] | P[]

Figure 8. MPC program flow diagram.

4. Practical Problems

The motor control is implemented for real electric vehicles. Not only do the FOC
and MPC algorithms need to be considered, but also some practical problems, such as
initializing the excitation current [6], the current consistency of program and motor [11],
field weakening control, over modulation, etc. Some of these issues are listed in this part.

4.1. Field-Weakening Control Strategy

The motor is supposed to reach rated power at the rated speed. A field-weakening
control strategy is used for achieving higher speed with the capable power of the motor.
The excitation current has to be decreased to weaken the flux linkage, and thus the motor
can reach higher speed after the rated value. A variable x;, is introduced here to represent
the decreasing of the flux linkage.

Xm = f(v_l,v_2> (74)

where v is the speed of the motor.
In this project, x;, is chosen as:

083 xv,/v ifv<1l2x*xv
R Y A A 75)

v2,/v*  ifv>12x%0y
where vy, is the rated speed, which equals 980 rpm (revolutions per minute).

4.2. Overmodulation

Ty and T; are the durations of PWM obtained from the given U, (Ux, Up) according
to SVPWM. The sum of T and T, should be no more than the control period (unit 1).
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Therefore, improper Uy, could result in a wrong combination of T; and Ty, and then low
power efficiency with current distortion may happen. An overmodulation strategy is used
here to avoid this situation [28]. An easy but useful method is to decrease T; and T, by
proportion and make the sum equal to 1. The logic diagram is shown in Figure 9.

— Taum>L

>
o

Figure 9. Overmodulation logic diagram.

4.3. PC Software

A specific PC software is designed for conducting the experiments for the motor
controller. It combines functions such as downloading the motor parameters to the micro-
processor, motor start, motor stop, monitor of program variables, etc. The communication
protocol of CAN between PC software and MCU is also designed as needed.

5. Experimental Results and Discussion

The experiment setup is shown in Figure 10, with the current sensors, target induction
motor, dynamometer, voltage source, oscilloscope, etc. The parameters of the target motor
are listed in Table 4.

' l()sullmcopc
\ 5 ‘ Voltage Source

Current Sensos "
Induction Motor

-
-*: Induction Motor

Current \e“mu

: unm»u-,u-ﬂ N

e, =

Figure 10. Experiment setup.
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Table 4. Motor parameters table.

Motor Parameters Value Unit
Rated power 100 kW
Rated voltage 350 \Y%
Rated current 178 A
Rated speed 980 rpm
Number of pole pairs 3
Ry 0.014 Q
L, 10.5 mH
Rs 0.019 O
Ls 10.9 mH
Peak power 250 kW
Max torque 2400 Nm
Switching frequency 2~20 kHz

The experiment is carried out on an electric motor test-bench, which is supported by
AVL. When the experiments are conducted for testing speed control, the towing motor will
operate at a fixed torque. When the experiments are testing torque control, the towing motor
will run at a fixed speed. By setting these up, the transient performance and steady-state
performance can be tested as planned.

5.1. Field Weakening Control

Without flux weakening or using inappropriate x,,, the speed will get capped and
cannot increase properly after reaching the rated value, as Figure 11 shows. Figure 12 shows
the proper speed performance by applying x,; as Equation (75). Figures 11 and 12 are both
obtained from the CAN signal analysis tool PcanExplorer. There is a bias of 12,735 in Y-axis
for current variables and the values are 10 times of the real values for I and I, respectively.
The speed value in the figure equals its real value. The different performance of speed in
Figures 11 and 12 verifies the significance of the field-weakening control strategy. A good
strategy can lead to a better speed range in motor control for electric vehicles.

Field Weakening Control

14000

12000

10000 4

)

Mot_Spd irpm}

2000+

£000

000 -

T T T T T v T T
11:54 200000 11:54:40 (000 11:55 00,0000 11:5520 0000 11:55:400000 11:56. 00 0000

Figure 11. Speed and I; responses versus changing I; when xy, is not appropriate.
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Figure 12. Speed and I; responses versus changing I; when xy, is appropriate.

5.2. Overmodulation

Figure 13 shows the effect of using an overmodulation strategy. All three phase
voltages can reach a higher level responding to an increase in I; through overmodulation
and the torque can achieve a higher value in response. For deeper voltage utilization, the
overmodulation can be designed in three phases based on the magnitude of the reference
voltage. If the overmodulation strategy does not apply to the motor control system, the
torque will become unstable when higher I, is needed in overload situations.

U1 Comparison at 1200rpm

1 1
0 200 400 600 800 1000 1200 1400

torque(Nm)

U3 Comparison at 1200rpm
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1800 2000

U2 Comparison at 1200rpm

2000

600 800 1000 1200 1400 1600
torque(Nm)

1800 2000

Torque at 1200rpm

torque-un
1500 a s——T———— |

1000F - — — —

Voltage(V)
@
-3
3
Torque(Nm)

5001 — o=~ B e S Bl

300

| | |
| | | |
1 1 1 1
800 1000 1200 1400 1600 1800 2000 0 2 4 6 8 10 12
torque(Nm) Time(ms) x 10°
Figure 13. Voltage and torque responses versus changing I;. Red curve represents the system running
in overmodulation mode and blue curve in no overmodulation mode.

5.3. Torque Peformances

When an acceleration instruction is given by the driver, it will be converted to an
I value for the motor control and then executed to acquire the demanded torque. The
motor controller will deal with the instruction and increases the speed of the vehicle as a
response. As for the experiments in the laboratory, the motor controller is connected to a
PC simulator and receives instructions from the specific software. The load motor can be
set at a fixed speed and then I, is changed step by step to acquire the torque performance
of the target motor.
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The FOC and MPC methods are both carried out in experiments. Figure 14 shows
the responses of torque with different values of I; in the FOC method. The torque ripples
with the FOC method are shown in Figure 15. For the MPC method, Figures 16 and 17
present the torque responses and torque ripples. In these experiments, the load motor is
set at a fixed 980 rpm and thus increasing the I; of the tested motor will not accelerate
the motor speed. The sampling frequency is set to 4 K for the FOC method and 16 K for
the MPC method. Torque is tested in a large working span, which is from 0 Nm to about
1800 Nm. The excitation current I; is given first to establish the flux. I, is given after the
flux has been established and then increases step by step. Using this pre-excitation strategy
can effectively reduce the large starting current. Figures 14—17 show that, with either the
FOC or MPC method, the torque is very stable with a ripple of under 3% throughout the
working area, which is normally considered as a good performance for electric vehicles.
The transient responses are both satisfactory as well. The ripple with the MPC method is
slightly better than with the FOC method, as shown by the figures.

Torque at rated speed
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Figure 14. Torque responses versus changing I; with the FOC method.
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Figure 15. Torque ripples with the FOC method.
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Figure 16. Torque responses versus changing I; with the MPC method.
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Figure 17. Torque ripples with the MPC method.

With these experiments, it seems that MPC for a motor control system is not signifi-
cantly better than the FOC method. It has to be mentioned that an FOC with such a good
performance comes from tuning the PID parameters with a lot of time while MPC does not
need so much time on tuning. In this paper, there are 12 voltage vectors chosen for MPC
optimization, which leads to a good performance but high time consumption. To acquire
better performance of the MPC, the control frequency can be set higher. However, it will
make the IGBT switching frequency become higher [29]. For a longer serving life of IGBT, a
compromise has to be made about the control frequency. The experimental results show
that MPC is an alternative control strategy to FOC for the motor control systems of electric
vehicles and MPC has great potential abilities for further study.

6. Conclusions

This paper introduces the implementation of a motor control for electric vehicles based
on the FOC and MPC methods. It discusses the model of motor, hardware of the system,
flux estimation, speed estimation, discretization, normalization, etc. The implementation
algorithms are explained in detail, which could be helpful for motor controller design.
For electric vehicles, motor control should not only be studied within the rated range,
so that some practical algorithms such as field-weakening control and overmodulation
considering variations of the load that exist in electric vehicles are also discussed here.
The performances of the FOC and MPC methods are compared with experiments. The
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experiments are conducted with a 100 kW induction motor. The torque responses are fast
and stable with both of the methods, which are satisfactory. The 12 basic vectors FOC has
a torque ripple under +3% within rated power, which is great among the currently used
vector controls of induction motors. This motor controller is flexible to match different
types of induction motors and thus it can be widely used for electric vehicles.
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