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Abstract: The basic function of any type of electric machine used in automotive powertrain is to propel
the automobile in motor mode or to recharge the high-voltage battery in generator mode. The torque
control of electric machine in motor and generator modes, using more efficient high-voltage battery, is a
goal for the automotive industry. A good choice for Electric Vehicles (EVs), due to many advantages, is
the Externally Excited Synchronous Machine (EESM). In this paper, a new optimal torque control
algorithm for EESMs that aims at optimum torque control in the entire operating range based on a dual-
rate sampling solution is presented. In order to test the developed algorithm a dynamic model of EESM is
designed based on mathematical equations. The model is validated against the data obtained on a system
testbench. The simulated results obtained with the proposed control strategy are compared with the ones
obtained with the classical PID approach and the results show improved performances.
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1. INTRODUCTION

Nowadays Hybrid Electric Vehicles (HEVs) and Electric
Vehicles (EVs) have become an alternative to the
conventional automobiles and electric machines tend to
replace the internal combustion engine. The Externally
Excited Synchronous Machine (EESM) is a good choice for
the automotive industry because it possesses many
advantages: high efficiency, high power density, high torque
at startup, high reliability and an additional degree of
freedom compared with the Permanent Magnet Synchronous
Machine (PMSM) (Hagstedt et al. (2008)).

For a better understanding, the EESM can be analyzed using
the rotor reference frame. The three-phase stator quantities
(voltages, currents or flux linkages) can be transformed to the
rotor reference frame and vice versa by using Clarke and
Park transformations (Park (1929), Krause et al. (2002),
Pillay and Krishnan (1988), Aller et al. (2002)). In the
resulted model, the torque and the speed can be controlled in
a similar way as for the direct current (DC) machine.

The torque control is the main challenge for any type of
electric machine used in the automotive propulsion. There are
two advanced control methods: Direct Torque and Flux
Control (DTFC) and Field Oriented Control (FOC). FOC

strategy is more suitable for applications like EVs and HEVs
because it is better adapted to the load variation (Casadei et
al. (2002)). DTFC is characterized by simplicity, without any
current controller and without requiring any informations
about the rotor position (Haque et al. (2003a)) and offers a
fast dynamic response (Takahashi and Noguchi (1988)), but
there are high current and torque ripples (Vasudevan and
Arumugam (2004), Tang et al. (2002)). FOC basic idea is to
control stator currents represented by a vector, in the rotor
reference frame, by using the rotor electrical position.
Controlling the stator currents, this control strategy reduces
the torque ripples (Casadei et al. (2002)).

Up to now the EESM is controlled using FOC schemes based
on the standard Proportional-Integral (PI) control law
(Mérgner and Hackmann (2010)). Considering the power
efficiency issue, the performance of FOC in EESM drives
can be improved by using advanced control methods such as
optimal control. The optimal control theory is used with
promising results in problems related to aerospace
engineering (Anderson and Moore (1989)). The Linear
Quadratic Regulator (LQR) can represent a possible solution
for EESM drives. The LQR is an optimal control
methodology where the state equation of the plant is linear
and the cost function is quadratic (Anderson and Moore
(1989), Goebel and Subbotin (2007)).
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The entire control structure must be designed so as to take
into account also the limitations of the computer based
implementation in an Electronic Control Unit (ECU)
(Malinowski and Yu (2011), Salewski and Kowalewski
(2008), Monmasson et al. (2011)) and the limitations of the
communication architecture used (Benzi et al. (2005)).

In this paper, a new optimal torque control architecture based
on the FOC for EESMs is developed, taking into account
both the constant torque and the constant power regions, and
considering the variations of the machine parameters. The
control solution, based on a dual-rate sampling approach, is
designed to cover the entire operation range of the EESM.
The LQR is used to ensure better performance and minimum
energy consumption. The electric machine torque is
estimated using the stator flux linkages and currents. The
error between the reference and estimated torque is held at
zero by a torque deviation controller. For testing the control
scheme a dynamic model of a 60 kW three-phase EESM in
rotor reference frame is designed. The model is then
validated against data obtained on a system test bench.

The paper is organized as it follows. In section 11, the EESM
model is presented. Section III presents the proposed control
structure, currents control strategy, the torque estimator, the
torque deviation control strategy and the current referencer.
The simulation results are shown and analyzed in section IV
and conclusions are drawn in section V.

2. EESM MODEL

The standard configuration of a three-phase EESM stator is
shown in Fig.1.a. After applying the transformation of axes,
an imaginary structure results, as can be seen in Fig.1.b.

Q axis
%

B

(a) (b)

Fig. 1. EESM stator structure (a) stator windings (b) ‘dq’
imaginary windings

From Fig. 1.a, EESM stator voltage equations are obtained by
applying Kirchhoff’s voltage law:

dlas

Vas = Tglgs + dt
. b

Vpbs = Tslps + =, (1
i,

Ves = Fles + th

where v, Vi, Ves are the three-phase stator voltages, iy, ipg ics
are the three-phase stator currents, A, As, Aes are the three
phase stator flux linkages and 7 is the stator resistance.

The rotor configuration is composed of excitation windings
supplied in DC. As such, the excitation voltage equation
results as:

. dA,
V =i, + E 2)
where v, is the excitation voltage, i, is the excitation current,
A 1s the rotor flux linkage and 7, is the rotor resistance. The
rotor flux linkage is given by:

Ay =M gigi+ L, i, 3)

where M, is the mutual inductance between stator and rotor
windings and L, is the excitation inductance.

By applying axes transformation (Park (1929), Krause et al.
(2002)), using the rotor electric position #,, (1) become:

i d/lqs
Vas = Tslgs + ”

+ a)eids

7 , “4)
Vo= S g 4
ds ~'s'ds dt e’qs

where vy, vy are the d and g axis stator voltages, iy, i, are
the d and ¢ axis stator currents, Ay, A, are the d and g axis
stator flux linkages and w, is the rotor electrical angular
velocity. Stator flux linkages in the rotor reference frame are
expressed as:

ﬁ'@s = Lyiys 5)
ﬂ'dS = Ldids +Md 'ie
where Ly, L, are the d and ¢ axis inductances.

From the input power in view of ‘dgq’ coordinates, the
electromagnetic torque function results from (5) as:

3P .. ..
T, :T[jwdlelqs + (Ld _Lq )qslds]’ (6)
where P denotes the number of poles.

The equation for the machine dynamics is given by:

dw
,-T,=J, dtm+Bma)m R @)

where T7 is the load torque, J, is the rotor moment of inertia,
B,, is the viscous friction coefficient and w,, is the mechanical

2-w,

angular velocity withw,, =

From the electrical angular velocity, the rotor electrical
angular position is obtained as:

t

0, = J.a)e(é/)dé, +6,(0), 3
0

where £ is the variable of integration.

3. OPTIMAL CONTROL STRUCTURE

Fig. 2 shows the proposed control structure based on a dual-
rate sampling solution. The system command is given by the
torque reference (7,%).
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Fig. 2. EESM optimal control structure using a dual-rate sampling solution

This proposed control structure is a modified FOC structure
with a torque estimator and a torque deviation controller to
minimize the effect of the variation of machine parameters
and to minimize looses. The current referencer generates
simultaneous the stator and excitation current references in
the rotor reference frame (iy ™ iy™* and 7. ).

The Space Vector PWM and the Excitation Duty Cycle
blocks contain the modulation technique and the complex
programmable logic devices (CPLD) for the generation of the
power stage gate signals (7, 7,. and T; through Tj).
Modulation techniques for electronic power conversion are
discussed in detail in (Holtz (1994), Kwasinski et al. (2003),
Houldsworth and Grant (1984)). The Rotor Position Sensor is
used to measure the rotor electrical position and speed (7,
denotes the mechanical speed in revolution per minutes). The
rotor electrical position is used by axes transformations and
the mechanical speed is used by the current referencer.

3.1 Currents Control

From (2) — (5) the state space model for the EESM electrical
subsystem results:

{XU):AXU)+BhU)+Kﬂ] )
y(#) = Cx(?)
where
ids ® Uds (t) @e ([)ﬂ’qs O]
X(t): iqs(t) > u(t): uqs(t) > l(t): _we(t)ﬂ’ds(t) >
i (1) Uy (1) 0
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B-= 0 2 0 L Cc=|0 1 o,
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M, o . L
| MG-LyL, MG —-LyL,

with constraints on inputs and states (currents and voltages
are limited by the high voltage battery and by the electric

power stage) u(¢t) eU 9{3,X(t) eXcR.

As it is desirable to have minimum energy consumption and
zero steady state error, it is necessary to use a controller with
integral actions. The proposed control algorithm for
controlling the stator currents is based on the LQR. The basic
principle for this control strategy is shown in Fig. 3.

x(t)

rt) + Optimal Yy

controller

et [ x(t), U, | pLant

Fig. 3. Block diagram of the LQR with integral action

The integral control is introduced by considering the integral
of the tracking error as an extra set of state variables (Jaen et
al. (2006)). Thus, the plant model from (9) can be rewritten
as:

Y@=Aam+mhm+mﬂ (10)
y(t) = C (1) ’

where,
20=l® is® O x® ¥® xO),

A Oy B
A, = , B.= > Ce:[c 03]’
C I3 (0

Xids» Xigs and x;, are the integral of the tracking currents error,
I3 and Oj; are the 3-dimensional identity and zero matrices.

The discrete form of (10) results as follows:

¥m+nzmum+rhmrﬂmﬂ (1n

y(k) = Cez(k)

Ty
where, ® =e?elsi | T ='[ ’ eAepBedp and T,; denotes the
0

sample time of currents control module.
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If the infinite horizon LQR is employed, the following cost 2,(1)= Az, (1) + B, (t)
function must be minimized: , (18)
Vi () =Cz,(1)
o0
J(z(k),u(k)) = z(zT(k)Qz(k)wT(k)Ru(k)) (12)  where:
T T LI
where Q=Q " >0 and R=R" >0 are constant state and T 1 G
input weight matrices. A = Gds 1} B: ={0} ¢ ={T—c 0} Ty is the
c ds
Closed-loop optimal system must be stable, so the pair (A, Ty

B.) must be stabilizable (and eventually controllable).

For finding the optimal feedback matrix, the discrete
algebraic Riccati equation (DARE) must be solved (Arnold
and Laub (1984), Lancaster and Rodman (1995)):

-1
CDT{P-PF(FTPF+R) FTP}DJFQ-P:O. (13)
The optimal control law results as:
1
u(k) = —(rT PT + RT I Pdzk) = Kz (k). (14)

Tuning linear quadratic controllers implies choosing the
weight matrices Q and R. These matrices are usually chosen
as diagonal matrices, so Q has n parameters and R has m
parameters. For this case n=6 and m=3.

One possibility for the first choice of Q and R is according to
Bryson’s rule (Bryson and Ho (1975)).

3.2 Torque and Flux Estimator

This paper presents a method for estimating the torque from
the estimated stator d and ¢ axis flux linkages. From (2)
estimated stator flux linkages in rotor reference frame can be
expressed as follows:

L kA .
g = % g0, D 01—, 01 0)

k=0
15)

. ko
Agg= 2
ds o

lvae 7, (DY ) () ®)

In the above equation, the stator resistance is estimated as:
7 (1) = r(T) [+ a(T - Ty ). (16)

where: T is the actual temperature, 7, is the ambient
temperature and o is the temperature coefficient of resistivity.

According to (6) the estimated torque results as follows:

7, =22 iy~ Agia ]

(17

3.3 Torque Deviation Controller

In order to keep the torque deviation at zero, the entire drive
can be approximated with a first order transfer function. The
time constant is given by the time response from currents
controller and amplification gain varies around 1. For
keeping the steady state error at zero, a LQR with integral
action is designed. The augmented state space model of the
plant with integral action is:

settling time for currents and G, is amplification gain.
The discrete state-space form of (18) is:

{z,(k +1) = ®,z, (k) + T, (k) 19)
¥ (k) = Ca(k) ’

Ts2
where, ®, = eAils2 T, = IOS eAprtdp and 7, denotes the
sample time of the torque control module.

The cost function given by (12) must be minimized to obtain
the following optimal control law:

1
u, (k) = —(rf PL, + Rt) I/P®,z,()=K,z,(k),  (20)

where P, is the solution of DARE:
T T oy
o] Pt-PtFt(Ft Ptl"t+Rt) I[P, |®,+Q,-P, =0. (21)

3.4 Current Referencer

The current referencer takes into account the torque versus
speed characteristic presented in Fig. 4.
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Fig. 4. Torque vs. Speed characteristic

For applications such as HEVs, the electric machine must be
able to work in a wide speed range. Below the rated speed
EESM can develop maximum torque and above rated speed,
EESM can develop maximum power but the developed
torque decreases with speed.

The zero d axis control (ZDAC) is not suitable for the EESM
because it would lose the advantage of reluctance torque.
Two strategies for generating the optimum reference currents
can be implemented: maximum torque per ampere (MTPA)
strategy for constant torque region and Field Weakening
(FW) strategy for constant power region.

Below rated speed, because there are no voltage limitations,
the current vector might be controlled to fully use the



84

CONTROL ENGINEERING AND APPLIED INFORMATICS

reluctance torque to maximize the machine efficiency. In fact
the torque per ampere ratio is maximized by controlling the
current vector. From the voltage equations in the rotor
reference frame, the steady-state phasor diagram of an EESM
is shown in Fig. 5.

g axis

Vs

d axis

Fig. 5. EESM phasor diagram

In Fig. 5, f is the leading angles of the stator current vector,

is the stator current amplitude and V| is the stator voltage

amplitude. The d and ¢ axis components of the stator current

are given by:

ige =—Igsin

g (22)

igs =108 p

In this paper the following formula is proposed to generate

the excitation reference current for the entire operation range:
* .

Jk T, e "le_max

fp =———
T, e_max

Substituting (22) into (6) and taking into account (23) yields

the expression for the torque in terms of the amplitude of the

stator current as follows:

Te—SPMdl

(23)

2 .
cosﬂ+ (Lq—Ld)IS sin2f. 24)
The angle f must be controlled to obtain fast transient
response and maximum torque with the smallest possible

stator current amplitude. Setting the derivative of (24) with

respect to f and imposingdizo, the relationship between
d,

the stator current amplitude and the angle f is obtained as
follows (Haque et al. (2003b)):

3P . 3P .
—jMdlels s1nﬂ+7(Lq —Ld)ISZ(cos2 lb’—sm2 ﬂ)= (25)

From (22) and (25), the d-axis current component for MTPA
strategy results:

L Mdie (Mdie)z )
ige = 2L -1 )— > "lgs - (26)
q  d 4(Lq -Ly)
From (26) and (6), it is obtained:
2 *2 _
36P (L Ld) +i s 48PM i, T —64T,~ =0. 27

The last equation has four roots, two real roots and two
complex conjugate roots. From the two real roots, one is

greater than the maximum admissible current. So, the g-axis
current component from (27) is:

igs = min {’qsi | Igs; € ‘R},l =14.

1

(28)

If the rotor speed increases above the rated speed, the stator
current and the voltage are limited by the power inverter and
by the battery and the electric machine enters in FW region.
The maximum stator current and voltage are expressed as:

2 .2

I, = lds+lqu1sm (29)
2 2

Vo= Vs T Vgs <V (30)

where I, and V,,, are the available maximum stator current
and voltage.

Substituting the Voltage equations (4) into (30) and

=0 and = oresults:

dt

Vy= \/(r sids _weLqiqs)z +(r siqs +a,Lyige+ weMdi: )2 <V 31)

For rotor speed above rated, the stator resistance can be

neglected because Tl << @,L ql gs and
rsiqs << a’e(Ldids +Mdi:). So, from (31) results i;* as
follows:

(32)

From (32) and (6), it is obtained:

i OPP @y Lo Ly ~L,)* +igi19P%e 2L2(Mdz)z o2 P2 .

Ly =L )

After solving (33), two complex conjugate roots and two real
roots results. From the two real roots, the higher value should
be chosen because otherwise i,* is greater than the
maximum current amplitude [,. So, the g-axis current
component from (33) is:

. : 2%
zqs24Pa)eTeLquMdze+l6weTe 2 =0

.>’< .* .* .

iy = max b g, € R }i = 1 (34)
i

The offline calculations are necessary to generate currents

references. The selection between the two strategies is based

on the modulation factor (M. The modulation factor is

expressed as follows:

V.
Mp=—5, (35)
Vsm
Vpe .
where V,,, =25 in the case when the space vector pulse

g

width modulation is employed for controlling the power
inverter.
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4. SIMULATION RESULTS

In order to validate the model, a dynamic simulator is
implemented in MATLAB/SIMULINK. The model of the
plant is implemented using (1) through (8). The currents
controller is implemented using (14). The torque and flux
estimator is implemented using (15) through (17). For the
torque deviation controller, (20) is used. The current
referencer is implemented using data generated offline by
solving (23) and (25) through (27) for the constant torque
region and (23) and (32) through (34) for the constant power
region. The entire control structure is designed to run in
fixed-step using a dual-rate sampling approach, because the
entire control structure takes into account a future
implementation in an ECU. The current control algorithm is
designed to run at 100 microseconds sample rate and the
torque control is designed to run at 10 milliseconds sample
rate.

Different simulation cases are presented to cover the entire
operating range and to prove the advantages of the proposed
control structure. In order to validate the model, a comparison
with the data from a real test bench is performed. The test
bench has two electric machines, one used to produce the
torque load and the other is used as actuator machine under
the test. The machines are connected back to back trough a
mechanical shaft with torque and speed sensors. The structure
of the test bench is presented in Fig.6.

Electric Machine Data Acquisition Dynamometer
Drive under test System
s e . AC voltage
5 —_ n
* [
T voltage T Te User Interface or

or e

4%3 n -l
D-Space Board [i—) K:}
@ <:l‘> Three-Phase l_‘/ AC Drive
Inverter Controller

Speed
Torgue

AAA AAL

Electric Machine Dyno motor
M it
(EESM) o ;((Induction Motor)

Fig. 6. Test bench structure

The EESM parameters are given by the test bench
EESM specifications and are presented in Table A.l1 in
Appendix A. The optimal control matrices are given in
Appendix B.

4.1 EESM Model Validation

First, the EESM model is validated against real electric
machine. Fig. 7 shows the input signals, stator and excitation
duty-cycles. After 3 seconds the duty-cycles increase.

The output signals of the model and of the real electric
machine are presented in Fig. 8. As it can be seen in the Fig.
8.a the simulated and measured electromagnetic torque are
considerably close, ensuring a small modeling error. In Fig
8.b it can be seen that the excitation current is also close to
the measured current. The root-mean-square (RMS) currents
for the stator are presented in Fig. 8.c. The error between
RMS currents is greater at the beginning, but decrease in last
3 seconds, when the input signals increase.
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Fig. 7. Stator and excitation duty-cycles: (a) phase U duty-
cycle, (b) phase V duty-cycle, (¢) phase W duty-cycle, (d)
excitation duty-cycle
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4.2 Constant Torque Region Simulation

For this simulation case, a step reference torque with constant
speed 1000 rpm is considered. The DC link voltage is set to
345 V. The simulation results are shown in Fig. 9 and 10.
The EESM developed torque follows the reference. The
torque sign can also be seen in the sign of the g-axis current.
The d-axis current remain less than or equal with zero. The
torque error is zero in steady state and has some spikes in
transient state because the currents controller cannot respond
instantly to the reference changes.
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Fig. 9. EESM results (step torque, constant speed 1000 rpm):
(a) reference and measured torque, (b) reference and
measured d-axis current, (¢) reference and measured g-axis
current, (d) reference and measured excitation current (e)
rotor speed, (f) torque error
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Fig. 10. EESM variation of parameters (step torque, constant
speed 1000 rpm): (a) d-axis inductance, (b) g-axis
inductance, (c) mutual inductance

The evolution of the EESM parameters can be seen in Fig.
10. Only the evolution of the d-axis inductance, g-axis
inductances and mutual inductance are presented, because
these parameters directly influence the electric machine
torque. The influence of these variations is minimized by the
torque deviation controller.

4.3 Constant Power Region Simulation

For the operation above rated speed, the results are shown in
Fig. 11 and 12. In this case the EESM runs at constant speed
of 4000 rpm.
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Fig. 11. EESM results (step torque, constant speed 4000
rpm): (a) reference and measured torque, (b) reference and
measured d-axis current, (¢) reference and measured g-axis
current, (d) reference and measured excitation current (e)
rotor speed, (f) torque error

The developed torque follows the reference and it is limited
according to the maximum available torque at this speed. The
stator d-axis current remains less than or equal to zero, and
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the sign of the g-axis current follows the torque sign. The
torque error is zero in the steady state, so the torque deviation
controller does its job well.

The evolution of the EESM parameters in this case can be
seen in Fig. 12.

d-axis inductance [H]

graxis inductance [H]

0.015

Mutual inductance [H]

Fig. 12. EESM variation of parameters (step torque, constant
speed 4000 rpm): (a) d-axis inductance, (b) g-axis
inductance, (¢) mutual inductance

4.4 Simulation with and without deviation control

Fig. 13 and 14 show the electric machine torque for the
simulation with and without a deviation controller. When a
deviation controller is used it can be seen that the time
response is slightly higher but the steady-state error is zero.
In case of simulation without a torque deviation controller the
steady state error is greater than 15 Nm, which is a serious
drawback in applications such as automotive propulsion.
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Fig. 13. EESM comparison between simulation with and
without torque deviation control at 1000 rpm
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Fig. 14. EESM comparison between simulation with and
without torque deviation control at 4000 rpm

4.5 Comparison between optimal and PID control

For comparison between the proposed control approach and
classical PID approach, a PID controller for each current in
the rotor reference frame (d and ¢ axis currents and excitation
current) is designed and tuned to have a fast response using
Skogestad’s method (O’Dwyer, 2009). For tuning the PID
controllers the plant model for each current in the rotor
reference frame was approximated with a first order transfer
function.

Fig. 15 shows a comparison between optimal EESM control
and classical PID control at 1000 rpm. As it can be seen, the
optimal control strategy ensures minimum energy
consumption in transient regime, while the PID control
approach has a fast response.
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Fig. 15. EESM torque - comparison between optimal control
and PID control at 1000 rpm

5. CONCLUSIONS

This paper presents a method that allows optimal torque
control of EESMs. A complete mathematical model was
presented and an optimal control architecture based on FOC
scheme using a dual-rate sampling solution was designed,
taking into account a future implementation on an ECU. The
proposed control structure covers both the generator mode
and the motor mode for traction EESMs. The presented
control structure includes a torque estimator and an additional
controller for minimizing the torque error. For the constant
torque region, the MTPA strategy was used to obtain the
currents references and, for the constant power region, FW
strategy was used. These strategies are extensively studied in
this paper.

The proposed control strategy also takes into account the
variation of the machine parameters (stator inductances and
mutual inductance between stator and rotor windings). The
model was validated by comparing the obtained results with
some data from a real test bench. Simulation and
experimental results are comparable. The control structure
shows good performance both in the constant torque region
and in the constant power region. The results of the
simulations illustrate a good behaviour of the proposed
control scheme.

It also can be seen that the torque deviation controller
significantly improves the results. The simulated results
obtained with the proposed control strategy are compared
with the ones obtained with the classical PID approach and
the results show improved performances in term of power
consumption in transient state.
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Appendix A. PARAMETER VALUES

Table A.1 EESM parameters

Parameter Value

Rated power (P,) 60 kW
Rated torque (7},) 225 Nm
Rated battery voltage (V) 345V

Rated phase current (/) 350 A

Rated excitation current (i,,,) 18 A

Rated speed (n,) 2500 rpm
Maximum speed (72,,4.) 12000 rpm
Number of poles (P) 8

Nominal stator resistance () 0.00775 Q
Nominal excitation resistance (r,) 7.1Q
Nominal d-axis inductance (L) 0.0001488 H
Nominal g-axis inductance (L) 0.0002264 H
Nominal mutual inductance (M) 0.00906 H
Moment of inertia (J,,) 0.04 Kg'm®
Viscous friction coefficient (B,,) 0.0001
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Appendix B. CONTROL PARAMETERS

The optimal control matrices were obtained as:

-0.1343 0 -0.79 -74.1679 0 —-9.0425
K= 0 -1.3675 0 0 —-135.27 0
—2.9465 0 —204.0545 —546.09 0 ~131-10%

K, [-035 -10]

>



