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Abstract—Electrically excited synchronous machines (EESMs)
have become an attractive solution to electric vehicles. The ex-
citation of the machine can be regulated by adjusting the field
current. This introduces one additional degree of control freedom.
The control of the armature current in the stator and field current
in the rotor is expected to not only reduce the total losses but
also dynamically redistribute the load on both windings so that
neither of them overheats. To realize this function, an algorithm
is proposed in this study to dynamically determine the current
references in EESM torque control. A cost function is introduced
by placing weights on stator and rotor copper losses separately.
The weights can be adjusted dynamically. The cost function is
minimized by moving the current reference vector. The moving of
the vector is orthogonally decomposed into a torque-related compo-
nent and a cost-related component. When current or voltage limits
are reached, a cancellation technique is activated to constrain the
reference vector. It is shown in experimental results that expected
performance is achieved in all operating conditions.

Index Terms—Current reference determination, electrically
excited synchronous machine (EESM), torque control.

1. INTRODUCTION

UE to concerns about climate change, electric vehicles

(EVs) have become popular in recent years [1]. In the
propulsion system of EVs, electrically excited synchronous
machines (EESMs) are a promising alternative to permanent
magnet synchronous machines (PMSMs) [2], [3], [4], [5], [6].
In an EESM, a field winding is employed in the rotor, and
the machine is therefore free of rare-earth permanent magnets.
In addition, the excitation can be controlled by adjusting the
field current. Consequently, both high starting torque and wide
field-weakening range can be achieved, providing the machine
is designed properly [7]. Brushless excitation can be realized
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to avoid friction and reduce maintenance efforts [8], [9]. A
unique method of sensorless rotor position estimation can be
implemented in the EESM control based on ripple currents in the
field winding [10], [11], [12]. This method shows an advantage
of being independent from the saliency of the machine.

Compared with PMSMs, the controllable field current in an
EESM rotor is an additional control freedom to the d- and g-axis
armature currents in the stator. Therefore, an optimal distribution
of currents among the d-axis, g-axis, and field windings to
achieve a certain torque at a certain speed within current and
voltage limits is to be solved. The distribution of the currents is
expected to not only reduce the total losses but also prevent
stator and rotor windings from overheating. In addition, the
distribution should be dynamically adjustable according to the
condition of the machine. For instance, when the temperature of
the field winding rises towards the limit, the field current should
decrease whereas the stator current should increase so that the
torque is maintained and vice versa.

Studies on this topic have been pursued in previous research
activities. In [13], a method is proposed to minimize the overall
losses of a salient pole EESM in different working conditions
including torque-boosting and field-weakening. An analytical
minimization of total copper losses serves as an initial ap-
proximation, which is then followed by an offline numerical
minimization based on measurement data. In [14] and [15],
field current optimization strategies have been proposed by
introducing a magnetic equivalent circuit model or a dynamic
equivalent core loss resistance in order to improve the efficiency,
including both iron core losses and copper losses. In [16] and
[17], a numerical iteration algorithm based on finite element
method (FEM) data is proposed. The cost function in this case is
adjustable by placing different weights on stator and rotor copper
losses separately. It is shown that the assignment of weights
influences the distributions of stator and rotor currents in the
torque-speed map effectively.

However, the methods proposed in the above-mentioned stud-
ies are off-line. This means that look-up tables in torque-speed
coordinates are off-line calculated and then used in online
control. In contrast to the off-line approach, an online copper-
loss-minimizing torque control method is proposed in [18].
Specifically, the proposed method can be used to determine a
suitable field current in field weakening. The method is a hybrid
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approach, which is composed of an analytical method, iterative
computation, and curve fitting. Nevertheless, this method is
complicated since it consists of several iteration loops, and the
cost function is limited to total copper losses.

Hence the aim of this study is to find a solution to dynamically
determine current references in torque control of EESMs in all
working conditions including torque-boosting when one of the
stator or rotor current limits is reached and field-weakening when
the stator voltage limit is reached. In addition, the cost function
to be minimized should be dynamically adjustable. For instance,
it can be the total copper losses in normal conditions so that the
best efficiency can be achieved, or it can be a weighted function
of copper losses in case one of the windings is close to its thermal
limit. In the end, the method should be simple to implement
without iterative loops so that it can be recognized as a practical
solution.

II. ELECTRICAL MODEL OF EESM

The electrical characteristics of the machine can be modeled
in the dg-frame [7], [19]. The Park Transform applied here is
amplitude-invariant. The field current is the actual dc current
that flows in the field winding without any scaling factor.

A. Electrical Model in Dynamics

The machine electrical dynamics can be described as

_ . 4
u = Ri+ - +wy (1)

where u, ¢, and 1) are the vectors of voltages, currents, and flux
linkages in d-axis, g-axis, and field windings, respectively

Uq 1q a
U = |Uq| v = |iq|, Y= |vq| - (D
us if "/’f
R and w are the matrices of resistances and speed
Rs 0 0 0 —Wr 0
R=|0 Ry 0], w=|w 0 0f. 3)
0 0 R, 0 0 O

Here, Rj is the resistance of the stator armature winding, Ry is
the resistance of the rotor field winding, and wy is the electrical
angular speed. The term w1 is the cross-coupling EMF term
due to Park Transform.

The derivatives of flux linkages can be further described as
the product of incremental inductances and current derivatives

dip di

— = 1l— 4

dt dt @)
where [ is the matrix of incremental inductances, which is the
Jacobian matrix of flux linkages

6% al%ld %
laa  lag  lar g;d g:; ;;f

l = lqd qu qu = Bi:; 82: 61';1 : (5)
la gl o Qs Dy

dia  Biq i
In this study, the flux linkages and inductances are described
by look-up tables so that iron-core saturation is considered.
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With incremental inductances [, the current derivatives can be
solved, and the dynamic electrical model is established

di _ o dep

_ 71 _ Ri_
o i =1" (u— Ri—wv). (6)

B. Electrical Model in Steady States

In a steady state, the derivatives of currents in the dg-frame
are zero so as the derivatives of flux linkages. In this case, (1)
becomes

u = Ri+ w. (7

Since the flux linkages 1) are also dependent on currents ¢,
to know how 2 can influence w in the end, a matrix of apparent
inductances L is introduced so that 1) can be described by ¢

% = Li ®)

where L can be formulated as

fldfldid fldqdlq fld‘rd’if
Lag Lgq Lgs td ‘a 't
. | Jledia  [lgdiq [ lgdis
L =Ly Ly Lg| = iq iq if e
Lig Ly Ly [ludia  [ladiq [ lgdic
ia iq it

Therefore, the steady-state model described in (7) becomes

u = Ri+wLi = (R+wL) 1. (10)
C. Electromagnetic Torque and Copper Losses
The electromagnetic torque can be formulated as
3 . )
Tem:§ 'p'('l/}d'lq_wq'ld) (11)

where p is the number of pole pairs.

The total copper losses are the sum of stator copper losses
and rotor copper losses, which can be further reformulated as a
combination of three components, the losses in d-axis winding
Pcy.q, g-axis winding Pcy  and field winding Pey ¢

Pey = 3/2- Ry - (i3 +1i2) + R - if
= Pcya + PCu‘q + Pous (12)

where
P —§R'2 P —§R'2 Peuts = Rei? (13
Cud = B slds Cu.q — B slqs Cu.f = Lirlg (13)

and the factor 3/2 is from amplitude-invariant Park Transform.

III. DYNAMIC CURRENT REFERENCE DETERMINATION

Due to the third degree of control freedom introduced by the
field current, the dynamic current reference determination for
EESM is more complicated than that for PMSM. In this section,
gradients of torque versus weighted copper losses are introduced
to assist the determination. The control diagram is shown in
Fig. 1 and the flow chart is shown in Fig. 2. The explanations of
each step are given as follows in this section.
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Fig. 1. Schematic diagram of the current reference determination algorithm.

A. Cost Function and Cost-Based Current Frame

The total copper losses Pr, sometimes may not be the target
to minimize. For instance, when the rotor winding overheats,
the field current should be reduced even if P, becomes higher
in this case. Therefore, as a general solution, weights can be
assigned to the copper losses of each winding individually and
a cost function can be defined as

Pcost = kcosLs PCud + kcost.sPCu.q + kcost.rPCu.f (14)

where keogs and keog s are the weights for stator and rotor
windings respectively. When K¢oq.s and keost.r are both set to 1,
then the cost P.oy means the total copper losses Pry. This is the
normal operation mode of the machine when the copper losses
should be minimized to achieve the best efficiency. However, if
the rotor winding overheats, then k..., can be set higher than
keost.s» SO that the algorithm would believe that every watt of
rotor copper losses costs more than 1 watt of stator copper losses,
and consequently the rotor copper losses will decrease whereas
the stator copper losses will increase compared with the normal
case. Similarly, ko5 can be set higher than ko, when the
stator winding overheats.

To simplify the analysis, (14) can be reformulated as
PCOSt - Z.gost.d + i?ost.q + Z‘c%ost.f (15)

where icost.d, Teost.q> aNd %cos.f Can be named cost-equivalent or
cost-based currents, which are related to real currents iq, 74, and
i¢. The relation between can be derived by comparing (13)—(15)

Teost.d = V kcost.sPCu.d =iq V 3/2 . kcost.sRs = ks 1q (16)
icostAq =V kcost.sPCu.q = iq V 3/2 *Feosts Bs = ks iq (17)
Teost.f = V kcost.rPCu.f = if V kcost.rRr = kr if (18)

where kg and k, are the scaling factors between the real cur-
rents and the cost-based currents in stator and rotor windings
respectively

ks =V 3/2 : kcost.sRs 5 kf =V kcost.rRr-

In this way, a cost-based frame is established. In this frame, the
length of a current vector represents the cost when it is assigned.

19)
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Fig. 2. Flow chart of the current reference determination algorithm.

The determined current vector should therefore be the one that
gives the target torque but with minimum length in the cost-based
frame.

The weights kg and k¢ are related to resistances Ry and Ry.
Therefore, a change in temperature, which can be measured us-
ing temperature sensors, will cause a change in resistance values,
which can be calculated using temperature measurements, and
then the ratio between kg and k¢. In this way, the weights will be
automatically adjusted according to temperature variations, and
the electrical load in the stator and rotor will be redistributed
correspondingly.

In addition, this cost-based frame can be dynamically adjusted
by regulating the weights according to the state of the machine.
For instance, when the field winding overheats, ko, can be
set higher so that ¢; is suppressed to reduce copper losses in the
field winding. The transform introduced here is shown as the
“Cost-Based Transform” block in Figs. 1 and 2.

Since the torque 7y, is a function of real currents according
to (11), T¢y, should also be a function of cost-based currents
defined in (16)—(18). Therefore, 7., can be described as a scaler
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Fig. 3. Iso-surfaces of torque and cost (when kcosi.s = Kcost.f = 1, 1.€., Peost

= Pcy) with the tangential point in the cost-based current frame at 50, 75, and
100 N-m. The coordinates of the tangential point show the optimum solution of
id.costs Uq.cost> aNd ¢ cost to Teach the specified torque with minimum cost. (a)
Iso-surfaces of Tey, = 50 N-m and Peogt = 960 W with tangential point at 44 ¢ost
=-0.5 A, iq.cost = 26.4 A, i cost = 16.2 A. (b) Iso-surfaces of Tery = 75 N-m
and Peos = 1754 W with tangential point at 7 cost = -3.3 A, 7q.cost = 35.7 A,
it cost = 21.7 A. (c) Iso-surfaces of Tty = 100 N-m and Peoge = 2699 W with
tangential point at ¢q.cost = -3.6 A, iq.cost = 44.8 A, it cost = 26.0 A.

field in the cost-based current frame. To better illustrate what
happens in the cost-based frame, the iso-surfaces of T, and the
corresponding iso-surfaces of P, in tangential are presented in
Fig. 3. The iso-surfaces are calculated using the parameters of
the EESM prototyped in this study. As can be noticed, when P,
grows from 960 to 1754 W until 2699 W, T, is pushed further
away from 50 to 75 N-m until 100 N-m. The tangential points
between the Ty, iso-surfaces and the P, iso-surfaces show
the solutions of %cost.d, %cost.q» aNd Gcost.r When Tiy, is achieved
with the minimum F,.. The tangential points at different 7y,
level will therefore form a trajectory. The current reference
determination process is to make sure that the operation point of
the machine moves along this trajectory when the torque request
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rises or falls. Such trajectory can be obtained by calculating the
gradients of T, in the cost-based frame.

B. Gradients of Electromagnetic Torque

From this scaler field, the gradient of torque can be calculated,
which establishes a vector field

OTem
aicosl,q

Y Tancon = | 312 20)

Qlicost.d

0T }T
Olcost. £

This gradient shows the direction in which an increase in
torque can be achieved with the minimum cost. Therefore, in
case all constraints such as current limits or voltage limits are
satisfied, the current vector is supposed to follow a trajectory
guided by the direction of this gradient to motivate a torque
increase or decrease. This process is shown as the “Gradient
Calculation” block in Fig. 2.

C. Orthogonal Decomposition of Current Vector

With the gradient defined in (20), a current vector in the
cost-based frame 2., can be orthogonally decomposed into a
normal component 2,, that follows this direction and a tangential
component 2 that is perpendicular to this direction. Moving 2
in the direction of 7, the torque increases the fastest, whereas
moving the current vector in the direction of 4, the copper losses
change whereas the torque remains the same.

Mathematically, this orthogonal decomposition means

Toost =0 +1 & (in, %) = 0. 21
Let n be the unit vector in the normal direction. Then
iy = <7:costa n> n & Tt = Tcost — in- (22)

Let t be the unit vector in the tangential direction, i.e., the
direction of 2. Then the inner product of n and ¢ gives zero

(n,t) = 0. (23)

The length of the tangential component ||Z;|| represents the
amount of cost that can be possibly reduced. When the minimum
cost is achieved, 2., is perpendicular to the torque contour,
which means 2., = 4, and 2, = 0. Hence to reduce the cost
means to reduce ||i;|| as much as possible. This process is
illustrated in Fig. 4 and it is shown as the “Orthogonal Decom-
position” block in Figs. 1 and 2.

D. Constraints (Voltage Limits and Current Limits)

The determined current references should follow the con-
straints of current and voltage limits. The armature currents in
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the stator should follow

-2 -2 2
2q + ’Lq < Is.max

(24)

where g i« 1S the maximum amplitude of the stator armature
current, while the field current in the rotor should follow

If.min < if < If‘max (25)

where I¢ nax 1S the maximum rotor field current and I, is the
minimum rotor field current, which is zero in this study. These
constraints can be transformed into the cost-based current frame
introduced in the previous section

Teost.s.max = ks Ts.max (26)
Leostf.max = ke Itmax 5 Leost.fmin = Ky Irmin-  (27)
Therefore, (24) and (25) can be reformulated as
eostd F teosta < Loosts.max (28)
Leost.t.min < Zeostf < Leost.f.max- (29)
The stator voltage should follow
ug +ul < UZpa (30)

where Ug max 1S the maximum amplitude of the stator armature
voltage.

In field excitation, to motivate a desirable di¢/dt in dynamic
control, the field voltage during transient should be higher than
that in steady state

Uf.min S RfIf.min S Rfif.ref S RfIf.max S Uf.max (31)

where Ut max and Uy i, are the maximum and minimum voltage
outputs from the field excitation converter. Besides, since there
is no speed-dependent EMF term in the field excitation circuit,
(31) is valid for the entire speed range. This means that the
field voltage corresponding to any field current reference will
never exceed the voltage limit of the field excitation converter.
Therefore, the voltage constraints for the field winding do not
need to be considered in the current reference determination
process.

E. Move of Current Vector Without Constraints

When a torque request Tty req i sent to the current reference
determination algorithm, the algorithm starts to move the current
vector to achieve the torque request while minimizing the cost.
Similarly, the move, di..g, can be orthogonally decomposed into
components along normal and tangential directions

dicoy = din +diy & (din, dig) = 0 (32)

where dz, is the move to penetrate the torque contour in the
normal direction n, whereas dz is the move to slide along the
torque contour in the tangential direction ¢.

As for di,, the length should be proportional to the difference
between the torque request T req and the amount of torque that
is already achieved by the current references T¢p, ref. In addition,
the length of dz,, should be reversely proportional to the amount
of torque increase due to the per unit increase of %,, which is
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||VTem.cost ||

where k,, is the bandwidth in Hz and T is the control time
step.

As for di., the current reference vector needs to move in the
reverse direction of 2, to reduce ||4¢||. Hence

diy = —kg - Tew - 4 (34)

where k; is the bandwidth in Hz.

A higher k, means a faster achievement of torque, whereas a
higher k; means a faster minimization of cost. This process is
shown as the “Current Vector Move” block in Figs. 1 and 2.

F. Current Reference Determination With Current Limits

When a move of the current vector tends to break any current
limit, a cancellation vector dicacel.; Needs to be generated to
restrain the current vector within the limit

dtjim = dicost — dicancel.i (35)
where di);;, is the limited move of the current vector and
. . . . T
dicanceli = ['Lcancel.d Lcancel.q anncel.f] (36)

Such cancellation mechanism under the current limitation is
illustrated in Fig. 5.

Introducing such a cancellation will lead to a loss of torque and
furthermore, a delay in response of torque reference. Therefore,
if possible, the loss due to the limitation of one current should
be compensated by an increase of other currents. For instance,
when the field current limit is reached, the loss of torque due
tO Zeancel.f» Which 1S icancel £ gzii"f , should be compensated by an
increase of tcost.q and 7cost.q. This compensation should be in the
direction of the gradient on the dg-plane so that every ampere
is spent the most effectively and with a proper length so that
the compensation is exact. Practically, the compensation can be
formulated as a cancellation with a negative sign so that (35) is
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TABLE I
EESM PARAMETERS

Parameter Value Unit
lamination stack length 120.0 mm
stator outer diameter 175.0 mm
stator inner diameter 123.0 mm
rotor outer diameter 121.6 mm
number of turns in stator winding ~ per pole 4
number of turns in rotor winding per pole 112
Stator Lamination Material B35AV1900
Rotor Lamination Material M235-35A
Shaft Material C45E (SS1672)
universal
. ; OTem 0T
dicancel.d o Leancel.f Dlcost. £ Dicost.d
: = - 3 3 | or @7
dlcancel .q T + AT 64‘"1—
aicosl,d aiccrsl.q feost-q

The compensation for the loss of torque due to icancel.d and
Teancel.q 18 simpler

. o, i ey
Lcancel.d Sim,i“,] a + teancel.q c’%c(,::] a

d Teancel.f = —

T (38)
ODlcost. £

After the compensation, the limits are to be checked again to
make sure that they are not exceeded due to compensation. This
entire process is shown as the orange blocks in Figs. 1 and 2.

G. Current Reference Determination With Voltage Limits

The voltage limits are checked in the real current frame.
First, the current vector is transformed from the cost-based
current frame to the real current frame. Then the stator voltage
is calculated according to (7). In case of a move of current
vector tending to break the voltage limit, a cancellation vector
dUcancel.w 18 generated to restrain the voltage vector within the
limit. Then dtcancel.w Will be transformed into a cancellation
vector of currents dzcancel.u

dicancel.u = (R + WL)71 dUcancel.u- 39)

Similarly, this cancellation will lead to a loss of torque. To
compensate for this, dicancel. 1S again transformed into the cost-
based frame and then the compensation method is the same as
described in (37) and (38). This process is shown as the blue
blocks in Figs. 1 and 2.

IV. PERFORMANCE EVALUATION

To evaluate the proposed control algorithm, an EESM is
prototyped. The EESM stator has three phases, eight poles, and
48 slots. The stator windings are made of hairpins while the rotor
winding is made of strands of 1 mm diameter. The parameters of
the machine are shown in Table I. Two PT100 RTD sensors are
installed in the stator windings while one Type K thermocouple
is installed in the rotor winding. The temperature measurements
are used to update the resistance values in the controller and
further the weights ks and k; according to (19). The field
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Fig. 6. Test setup with EESM and PMSM back-to-back connected.
(a) Schematic diagram of the test setup. (b) Photograph of the test setup.

excitation of EESM is brushless. A two-channel telemetry is
implemented to feedback on the measurements of field current
and rotor winding temperature to the controller.

The EESM is connected back-to-back to a PMSM on a test
bench. The schematic diagram of the setup is shown in Fig. 6(a)
and a photograph of the test bench is shown in Fig. 6(b). In
the test, the PMSM is in speed control whereas the EESM is in
torque control. The control is implemented in SCALEXIO. The
control signals are updated per switching cycle at 10 kHz.

The evaluation process of this study is to verify whether cur-
rent references in EESM control can be dynamically determined
using the proposed method, which is based on torque gradients
and orthogonal decomposition instead of using precalculated
look-up tables. In the evaluation process, ky, is selected as 10,
whereas k; is selected as 1. The selection is made through trial
and error to have the response fast enough while overshot is
avoided. ko .r 18 switched between 0.5, 1, and 2 so that the
change of current distributions between stator and rotor wind-
ings can be observed. Obviously, increasing ko, is equivalent
to decreasing k... and vice versa. All results presented in this
section are experimental. Typical cases are studied to evaluate
the method with or without the voltage or current limits reached.
Results are presented as follows.
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copper losses, normal moving vector, and tangential moving vector when a step
of the torque request Tem.req from 0 to 1 N-m is applied at 0.1 s whereas the
weight of field copper losses kcost.r 18 fixed at 1 N-m.

A. Determination Within Current and Voltage Limits

In this scenario, the EESM rotates at 400 r/min. The first test is
a step response of a torque request. In this case, a step of Tepy req
from O to 1 N-m is applied at 0.1 s while k.., is fixed at 1.

The responses are shown in Fig. 7. As can be noticed, the
normal vector responds immediately after the torque request is
set as shown in Fig. 7(d). This motivates the current reference
vector as shown in Fig. 7(a) and as a result, the torque catches
the request within 0.5 s as shown in Fig. 7(b). In contrast to the
active normal vector, the tangential vector is silent during this
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Fig. 8. Responses of current references, currents, torque references, torque,
copper losses, normal moving vector, and tangential moving vector when a step
of the weight of field copper losses kcogt.r from 1 to 2 is applied at 0.1 s whereas
the torque request Tem req is fixed at 1 N-m.

transient. This is as expected because the current vector follows
the trajectory of the torque gradient to form a torque rise. Hence
there is no need to adjust the vector to reduce the cost since
the cost is already minimized along the trajectory. This clearly
shows that the normal vector is purely related to torque increase
without generating any unnecessary cost. In addition, the copper
losses of the stator and rotor rise simultaneously as shown in
Fig. 7(c). It is shown later in comparison that this solution gives
the minimum copper losses.
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Fig. 9. Responses of current references, currents, torque references, torque,
copper losses, normal moving vector, and tangential moving vector when a step
of the weight of field copper losses kcogt.r from 1to 0.5 is applied at 0.1 s whereas
the torque request Tem req is fixed at 1 N-m.

Then the step response of change of weights in cost function is
tested. In this case, ko 1S switched from 1 to 2 at 0.1 s whereas
Tem.req 1s fixed at 1 N-m. The results are shown in Fig. 8. Due
to the increase of the weight assigned to rotor copper losses
in the cost function, the controller tends to use more stator
current instead of rotor current. Consequently, the tangential
vector responds immediately as shown in Fig. 8(d) and then
the currents start to adjust accordingly as shown in Fig. 8(a).
In contrast to the active tangential vector, the normal vector is
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silent in this case. As a result, the torque remains the same as
shown in Fig. 8(b) whereas the copper losses of the stator and
rotor start to deviate as shown in Fig. 8(c) and the total copper
losses increase. This clearly shows that the tangential vector
is only related to cost reduction while not affecting the torque.
The opposite situation is shown in Fig. 9 where kg  is switched
from 1 to 0.5 at 0.1 s whereas Tty req 1s fixed at 1 N-m.

Comparing Figs. 7-9(c), any deviation from the solution
presented in Fig. 7(c) will lead to a higher amount of total copper
losses. This means that the minimum amount of total copper
losses is achieved in Fig. 7(c) where the total copper losses are
actually set as the cost function. In addition, relating Figs. 7—
9(b)—(d), it can be concluded that the normal vector is purely
related to torque increase without making any unnecessary cost
whereas the tangential vector is purely related to cost reduction
without affecting the torque.

In summary, the orthogonal decomposition and cost mini-
mization proposed in this study work successfully. Until now,
the functions of the green blocks in Fig. 2 are verified.

B. Determination With Current Limits Reached

In this case, a higher torque is requested so that the current
limit can be reached. The stator current limit is set at 15 A
whereas the rotor current limit is set at 3 A. It should be
pointed out that the current limits set here are not the physical
limits. Instead, they are the ones intentionally set lower than the
physical ones so that the response of the control algorithm when
the limits are reached can be evaluated.

The responses are shown in Fig. 10. A torque step from 1 to
2 N-mis applied at 0.1 s as can be seen in Fig. 10(b). The normal
vector responses immediately as shown in Fig. 10(d). As aresult,
the currents response correspondingly as shown in Fig. 10(a),
and the torque follows the request as shown in Fig. 10(b). The
stator current limit is hit at 0.3462 s. Thereafter, the current limit
cancellation vector is activated to constrain the current vector
inside the boundary as can be seen in Fig. 10(f). From here on,
due to the impact of the cancellation vector, the current vector
starts to deviate from the original trajectory of minimum copper
losses. This is why the tangential vector responses fiercely trying
to bring the vector back to the original trajectory as shown
in Fig. 10(e). Thereafter, as time approaches, the cancellation
vector and tangential vector gradually come into balance, and
they eventually meet each other at around 0.9 s.

To evaluate the capability to dynamically redistribute the
load between stator and rotor windings when current limits are
reached, at 1 s, kcoge.r 1S stepped from 1 to 0.5. This encourages
the controller to increase the usage of field current rather than
stator current. Therefore, as can be noticed, the same as in the
previous case, the tangential vector responses immediately as
shown in Fig. 10(e), whereas the normal vector remains the
same as shown in Fig. 10(d). Consequently, the stator cur-
rent decreases whereas the field current increases as shown in
Fig. 10(a). At the same time, since the tangential vector brings
the stator current lower, the current vector detaches the limit, and
therefore, the cancellation vector drops to zero as can be seen in
Fig. 10(f). In addition, the responses of stator and rotor currents
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(e) ®

Responses of current references, currents, torque references, torque, copper losses, normal moving vector, and tangential moving vector when a step

of torque request Tem.req from 0 to 1 N-m is applied and when the weight of field copper losses kcost.r is adjusted between 1 and 0.5. (a) Current references and
currents. (b) Request, reference, and actual value of torque. (c) Copper losses. (d) Normal vector in the cost-based frame. (e) Tangential vector in the cost-based

frame. (f) Current limit cancellation vector.

lead to an increase in rotor copper losses and a decrease in stator
copper losses. As a result, the total copper losses increase as
shown in Fig. 10(c). This shows that the determination of current
references to minimize the cost function still works as expected
even when the current limit is reached.

In summary, the cancellation mechanism proposed in this
study to restrain the current vector from exceeding the limit
works successfully. In this section, the functions of the orange
blocks in Fig. 2 are verified.

C. Determination With Voltage and Current Limits Reached

This is the most extreme scenario in which both voltage and
current limits are reached simultaneously. In this case, to reach
the stator voltage limit, the speed of the machine increases from
600 to 650 r/min whereas the torque request is fixed at 2.5 N-m.
The stator voltage limitis set at 9 V. Again, this is not the physical
voltage limit. Instead, this value is set intentionally lower than
the physical one so that the function of the algorithm when the
voltage limit is reached can be evaluated.

The responses are shown in Fig. 11. In the beginning, the
stator current is already saturated as can be seen in Fig. 11(a).
The current limit cancellation vector and the tangential vector
keep in balance as shown in Fig. 11(f) and (h), which has been
explained in the previous case. At this moment, the stator voltage
is also very close to the limit as shown in Fig. 11(d). Then the
speed starts to increase at 0.5 s as shown in Fig. 11(g) and the
voltage saturates soon after that. The voltage limit cancellation
vector responses immediately as shown in Fig. 11(i). This yields
a higher negative d-axis current as shown in Fig. 11(a). This
is as expected since a negative d-axis current will generate a

negative d-axis flux, which will cancel part of the rotor field
excitation and reduce the back-EMF in the stator winding.
However, introducing additional negative d-axis current leads
to a reduction of positive g-axis current since the stator current
limit is already reached, and this means that the current vector
deviates from the trajectory of torque gradient even further.
Consequently, the torque decreases as shown in Fig. 11(b). The
discrepancy between the torque request and the torque generated
furthermore activates the normal vector as shown in Fig. 11(e).
Moreover, the deviation of the current vector from the trajectory
of the torque gradient also means an increase in the cost since
the minimum cost is always along the trajectory. Hence the
tangential vector also reacts trying to bring the vector back to
the optimum trajectory as shown in Fig. 11(f). The transients
end when the speed reaches 650 r/min. Thereafter, the normal
vector, tangential vector, current limit cancellation vector, and
voltage limit cancellation vector keep in balance and the current
vector starts to stabilize.

In addition, as can be noticed from Fig. 11(h) and (i), for the
duration when both current and voltage cancellation vectors are
activated, the cancellation vectors are in the shape of pulses.
This is because when the voltage cancellation is activated, the
current vector is moved in the direction where the voltage
can be reduced the most effectively. However, movement in
such direction also detaches the current vector from the current
limit. Consequently, the current limit cancellation is deactivated.
Thereafter, the normal vector motivates the current vector to
increase again trying to meet the torque request. This continues
until the current limit is hit again. When the current limit is
reached, the current cancellation activates, and the current vector
is directed to shrink the most effectively. However, moving in
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Fig. 11.

Responses of current references, currents, torque references, torque, copper losses, normal moving vector, tangential moving vector, and cancellation

vectors when the machine accelerates from 600 to 650 r/min during 0.5-1.5 s. The weight of field copper losses kcost.r is fixed at 1. (a) Current references and
currents. (b) Request, reference, and actual value of torque. (c) Copper losses. (d) Stator voltages. (e) Normal vector. (f) Tangential vector. (g) Speed. (h) Current

limit cancellation. (i) Voltage limit cancellation.

such direction, the voltage limit is detached. Consequently, the
voltage cancellation deactivates. This is how the voltage and
current cancellation vectors take turns to activate and deactivate
in such a scenario. It should be emphasized that this shape of
pulses does not indicate any failure of the algorithm. In fact, all
components behave as expected in this scenario.

In summary, the cancellation mechanism proposed in this
study to restrain the voltage vector from exceeding the limit
works successfully. In this section, the functions of the blue
blocks in Fig. 2 are verified. Until now, all blocks in the entire
flow chart have been evaluated.

V. CONCLUSION

An algorithm is proposed in this article to dynamically deter-
mine the current references in EESM torque control. There are
two major contributions from this research.

1) The stator current and rotor current can be dynamically
redistributed to minimize the total copper losses during
temperature variations while maintaining the same torque.
This is achieved by adopting an adaptive cost function
proposed in this study. In this function, the cost is defined

as the sum of stator and rotor copper losses with separate
weights.

The torque and copper losses can be controlled separately.
This is achieved by adopting an orthogonal decomposition
method proposed in this study. In this method, following
the direction of torque gradients versus copper losses, the
torque increases with the minimum cost, whereas follow-
ing an orthogonal direction, the cost reduces without any
change of torque. The current vector, therefore, moves in
a combination of these two directions to achieve the target
torque while minimizing the cost.

The algorithm is evaluated in experiments. It is shown that,
with the orthogonal decomposition method applied, the con-
trol of torque and the control of copper losses are effectively
decoupled. The target torque is achieved while the cost is
minimized successfully. When the weights for the stator and
copper losses change, the distribution of load on stator and rotor
currents adjusts automatically. Adopting a vector cancellation
technique proposed in this study, the algorithm still works as
expected when the current limits or voltage limits are reached.
The algorithm works even in the most extreme case when both
voltage and current limits are reached simultaneously.

2)
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