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Dynamic Current Control to
Compensate for Magnetic Mutual Coupling in
Electrically Excited Synchronous Machines

Junfei Tang, Student Member, IEEE, and Yujing Liu, Senior Member, IEEE

Abstract — Electrically excited synchronous machines have
become an attractive solution to electric vehicles. Equipped with
a field winding in the rotor, the excitation of the machine is
controllable. However, due to the magnetic mutual coupling
between the stator and rotor windings, a voltage will be induced
in the field winding in case of a current rise in the stator winding
and vice versa. In this study, a dynamic current control
algorithm with compensation for magnetic mutual coupling is
proposed. A first-order response of current rise is expected. To
achieve this, the controller consists of three parts. The first part
is the feed forward of cross-coupling terms due to Park
transform. The second part takes care of the resistances and self-
inductances. The third part takes care of the mutual inductances.
Finally, the outputs from the three parts are summed up to be
the total output from the controller.

Index Terms— Electrically excited synchronous machine,
dynamic current control, magnetic mutual coupling.

I.  INTRODUCTION

Electric vehicles (EVs) have become a fast-growing area
due to concerns of climate change [1]. Electric machines are
key components in EV propulsion systems where permanent
magnet synchronous machines (PMSMs) are a prevalent
solution. In PMSMs, the main flux is generated from rare-
earth magnets placed in the rotor. Due to the high level of
maximum energy product of rare-earth magnets, high torque
density can be achieved by utilizing PMSMs in EVs [2].

Nevertheless, rare-earth magnets are expensive. The
extraction and refinement process of rare-earth magnets are
not environmentally friendly [3]. Moreover, the recycling of
rare-earth materials is complicated and still immature [4].
Comparably, in electrically excited synchronous machines
(EESMs), a field winding is employed in the rotor. This means
the machine is free of rare-earth materials. Additionally, the
excitation of the machine is controllable by adjusting the field
current [5]. As the consequence, high starting torque and wide
field weakening range can be achieved by utilizing EESMs in
EV applications [6].

Studies focusing on current control of EESMs have been
pursued. In study [7], the target is to minimize the total amount
of copper losses. Analytical solutions and iteration algorithms
have been developed in case of normal operation, field-
weakening and torque-boosting. In study [8], to minimize
copper losses in field-weakening, a hybrid approach with
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analytical calculation, iterative computation and curve fitting
is proposed. In study [9], loss minimization, torque response,
thermal performance and safety requirements are investigated.
In study [10], the torque-speed envelop and the corresponding
trajectory of current vector in dq-frame are derived and
presented. The performance of the drive is experimentally
evaluated. The efficiency is higher than that of an induction
machine drive while slightly lower than that of a PMSM drive.
In study [11], deadbeat-direct torque and flux control for
EESMs is proposed. Current and flux linkage observers are
derived in discrete-time domain. The torque transient response
is distributed between stator and rotor depending on voltage
constraints. A predictive control algorithm is developed in
study [12]. The torque can be inversed by inverting the
excitation current. In study [13], an EESM is used as a
generator in electric aircraft power system. A predictive
control algorithm is developed in which parameter variations
are taken into consideration.

The previous studies regarding current control are
extensive. However, there is still one challenge not covered
yet. Due to the magnetic mutual coupling between stator and
field windings of an EESM, the current rise in one winding
would induce an electromotive force (EMF) in the other. This
will cause disturbances in current control, especially the
control of d-axis current and field current. The traditional
field-oriented control (FOC) of electric machines with loop-
sharping design of proportional-integral (PI) regulators is a
mature technology. Therefore, it is worth developing a
dynamic current control algorithm based on FOC which takes
the induced voltages due to mutual coupling into account.

Hence the aim of this study is to develop a dynamic current
control algorithm to mitigate the disturbances due to mutual
coupling for EESMs. In this article, the study is presented in
three chapters. In the beginning, an electrical dynamic model
of EESMs is established. Both self- and mutual inductances
are included in the model. Then the dynamic current control
algorithm is proposed. The controller consists of three parts in
the algorithm. An anti-windup technique is introduced in case
the voltage limits are reached. In the end, the dynamic current
control is evaluated by connecting the controller with the
electrical dynamic model of the machine. The EESM
parameters used in the evaluation are from the finite element
method (FEM) analysis results of an EESM design. Saturation
of iron-cores are considered in this study by using look-up
tables with interpolations in both machine modeling and
controller design. Comparisons of performances are made
between the cases with and without the compensation for
mutual induced voltages. Thereafter, the necessity of the anti-
windup technique in this control algorithm is demonstrated.



II. ELECTRICAL DYNAMIC MODEL OF MACHINE

The focus of this study is the dynamic current control for
EESMs. Therefore, only the electrical dynamics of the
machine are modeled while the mechanical speed of the
machine is considered as constant. In this chapter, the
electrical dynamics are modeled in dq-frame. The Park
transform of electrical quantities from three-phase to dq-frame
is amplitude-invariant. The field current is the actual dc
current flows in the field winding without any scaling factor.

A.  Electrical Dynamics

The electrical dynamics of the machine can be described in
matrix form as
ay

= Ri — 1
u Rl+w¢+dt (D

where u, i and ¥ are the vectors of voltages, currents and
flux linkages in d-axis, q-axis and field

Ug iq Yq
o]
Us if Yr
R and w are the matrices of resistances and speed
R, 0 O 0 -w O
R=|0 R, 0] , w= [a)r 0 0] 3)
0 0 R 0 0 O

The term w1 here is named as cross-coupling EMF term,
since in this term, d-axis flux linkage contributes to g-axis
voltage and g-axis flux linkage contributes to d-axis voltage.

The derivatives of flux linkages can be further described as

derivatives of currents
dy di

=L— “)
dt dt
where L is a Jacobian matrix of incremental inductances
[0Yq 0Yg 0Yq]
dig 0l di¢
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The flux linkages and inductances in this study are described
by look-up tables so that iron-core saturation is taken into
consideration. In steady state, the derivatives of currents in dq-
frame are zero and therefore the derivatives of flux linkages in
dg-frame are zero as well.

The incremental inductance matrix is composed by two
parts, the self-inductance part

Lagg O 0
Loy = 0 qu 0 (6)
0 0 Lg
and the mutual inductance part
0 qu Ldf
Lutual = qu 0 qu (7
Lfd qu 0
The sum of them gives the total incremental inductance matrix
L = Lgeis + Lipytual (¥
The electromagnetic torque can be formulated as
3 . .
Tem=z'p'(¢d'lq_¢q'ld) ©)

where p is the number of pole pairs.

B.  Electrical Dynamic Model

The dynamic model is established based on the electrical
dynamic process. The schematic diagrams of the model are
illustrated in Fig. 1. The transforms between three-phase and
dg-frame are considered as basics and not described here. The
inputs, outputs, states and parameters are illustrated in Fig. 1
(a). To describe the electrical dynamics, the derivatives of flux
linkages are firstly determined by reformulating (1) to

d
d—lfzu—Ri—wtp (10)
This process is illustrated in Fig. 1 (b). Then the derivatives of

currents can be further determined through pre-multiplying
2—? by the inverse of the inductance matrix

ﬂ =1 d—w (11
dt dt
Thereafter, the last step is to integrate the current derivatives
and get the currents
i i d 12
i= |- -dt (12)
This process is illustrated in Fig. 1 (c).
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(a) Inputs, outputs, states and parameters of electrical dynamic model.
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(b) Determination of flux linkage derivatives.
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Fig. 1 Schematic diagram of EESM dynamic model.



III. DYNAMIC CURRENT CONTROL

The aim of the dynamic current control is to form the step
responses of current rises into the shape of first order. To
achieve this, the controller is designed by taking care of three
parts of the terminal voltage of the machine separately

U = Uself + Umytual T Ucross (13)
where ug¢ is the voltage across the resistances and self-
inductances, i.e. in this part, the d-axis, g-axis and field
circuits are independent, so it is actually a stacking of three
single-input single-output (SISO) systems

; l
Ugeir = Ri + Lselfa (14)

Umutual 1S the voltage across the mutual-inductances, i.e. in
this part, the d-axis voltage is decided by the g-axis and field
current derivatives, the g-axis voltage is decided by the d-axis
and field current derivatives and the field voltage is decided
by the d-axis and g-axis current derivatives
di
Unutual = Lmutual a (15)
Ucross 18 the cross-coupling part
Ucross = QY (16)
In terms of controller design, these three parts can be taken
care of separately
Ucrr] = Uctrlself T Uctrlmutual T Uetrl.cross 17)
where U is the total controller output, Uciriselr »
Uctrimutual @Nd Ucprcross are the controller outputs for the
self-, mutual and cross-coupling parts respectively.

A.  Feedforward for Cross-Coupling Part

The cross-coupling part is an addition part
Uctrl.cross = Ucross = WY (18)
With this cross-coupling term fed forwarded, the remaining
parts are RL circuits including resistances, self-inductances
and mutual inductances.

B.  Loop Shaping PI Regulator for Self-Part

The self-part is a stack of three RL circuits. For each RL
circuit, a PI regulator can be designed to shape the current
response into first order with a bandwidth of a.. The risetime
is defined as the time interval for the current to rise from 10%
to 90% of the steady state level. The relation between the
bandwidth a. inrad/s and risetime t, ins follows

t,=1In9 /a, (19)
To have a first-order response, the PI coefficients are set as
kp=aC'L ) k1=a’C'R (20)
Hence the voltage applied across the self-part is
Uctrrself = Kplerr + Ki f lorrdt 21
in terms of all the three RL circuits together, where
lerr = dref — Imsr (22)

iror are current references, i are current measurements,
Kp and K, are matrices of PI coefficients

Kp=AL , Ki=AR (23)
A is the matrix of control bandwidth
Acd 0 0
Ac=[0 aq 0 (24)
0 0 (243

and acq, @cq and acr are the bandwidths of d-axis, g-axis
and field current control respectively.

C. Compensation for Mutual-Part

The vector of current derivatives to form the desired first-

order responses with bandwidths in (24) can be determined as

di _ )

E = sellf(uctrl.self - lesr) (25)
The self-inductance matrix is diagonal as shown in (6).
Therefore, it is inversible, which means the solution of L
always exists. The current derivatives here are the ones
decided by the controller to form first-order responses instead
of the derivatives of current samplings which are noisy.

Then to achieve the target current derivatives in (25), the
vector of voltages that needs to be applied across the mutual
inductances can be determined as

di
Uctrlmutual = Lmutual at (26)
Combining (25) and (26), the vector of voltages applied across
the mutual inductances is
Uctrlmutual = LmutualLs_ellf(uctrl.self — Ripg) (27)
This shows the mutual induced voltages to be compensated for
to form the target first-order current rises.

D.  Another Perspective of the Control

The controller output voltage introduced in (17) can be
described in another format
Uctr] = UetrlR T UctrlL T Uctrlcross (28)
where ugr 1s the voltage vector applied across the
resistances, Ugypp 1S the voltage vector applied across the
inductances and Ugycross 1S the feed forward of cross-
coupling terms which is the same as described in (18). The
voltage vector Uyqr follows the Ohm’s Law
Ucrlr = Ripsy (29)
The voltage vector Uy is determined by the current
derivatives to form first-order responses

di

UctrlL = LE = LLs_ellf(uctrl.self - Rimsr) (30)

The Uciserr here is determined in the same way as in (21).
From this perspective, the PI regulator described in (21) is a
tool to determine the current derivatives targeting the shape of
first-order responses. Then the current derivatives are further
used to determine the voltage vector that needs to be applied
across the total inductances.

E.  Dynamic Control with Voltage Limit

The voltages applied across the windings are limited to the
converter output capabilities. In case the voltage reference
exceeds the limit, the voltage output is saturated. In this
situation, the controller needs to be aware of this to avoid the
integrator from winding up. This is the anti-windup technique.

In this study, since the PI regulator is only used to take care
of the self-part of the winding, the anti-windup technique only
needs to be applied accordingly there to avoid the windup of
the integrator. The input to the integrator is then modified
from ig. in(21)to

ierr + Kgl(uctrl.self.lim - uctrl.self) (31)

Due to the limited voltage output capability during
saturation, the feed forward of the d- and g-axis cross-coupling
terms cannot function well even with the anti-windup
technique implemented, so as the compensation for the
induced voltages due to mutual coupling.



IV. PERFORMANCE EVALUATION
A.  Machine and Converter

An EESM is designed with the assistance of finite element
method (FEM) analysis. The machine is with 8 poles and 48
slots. The maximum levels of stator and field currents are
decided by current densities of 15 A/mm? and 10 A/mm?
respectively. The flux density distributions of the machine at
no load and peak torque operations are shown in Fig. 2. The
parameters of the machine are listed in TABLE 1.

»
[]
[

There are two power electronic converters in this study.
One is a three-phase inverter which delivers power to the
stator winding. Another one is a dc-dc H-bridge converter
which delivers power to the field winding. These two
converters share the same dc-link voltage source. Since the
aspect of control is the focus of this study, the converters here
are considered as ideal voltage sources without voltage drops
across the switches or the transformer of the H-bridge
converter. The parameters of the converters are listed in
TABLE II. The voltage limit of the three-phase inverter is
decided by considering only the linear modulation range.

TABLEII
POWER ELECTRONIC CONVERTERS

Parameters Symbol Value Unit
dc-link voltage Ugc 800 v
transformer turns ratio

of H-bridge converter & i
three-phase voltage max Usampmax 462 v
field voltage max Ut max 800 v
field voltage min Ut min 0 v

B.  Dynamic Current Control within Voltage Limit

The study is started with the simplest case in which the
controller output voltages are within the converter output
voltage limits. The bandwidths of the current control and the
corresponding risetimes are listed in TABLE III. The current
reference steps are defined in TABLE IV. The current steps
are small compared with the current limits. This is to avoid the
voltages from exceeding the limits. In this study, for the sake
of convenience, the control taking care of only the self-
inductances is noted as “Case 0” which means the original
case, whereas the proposed control algorithm taking care of

05T both the self- and mutual inductances is noted as “Case 1”.
I TABLE III
00T PARAMETERS OF CURRENT CONTROLLER
Bandwidth Rise Time
(b) Peak torque operation. Parameter Value Unit Value Unit
Fig. 2 Flux density distribution. d-axis current control 10 Hz 35 ms
TABLEI g-axis current control 10 Hz 35 ms
MACHINE PARAMETERS field current control 5 Hz 70 ms
Parameter Symbol Value Unit
laminati di d 270 TABLE IV
amination outer diameter s.outer mm STEPS OF CURRENT REFERENCES
lamination stack length Lstack 360 mm From To At
. References
peak torque Temmax 800 N'm Value Unit Value Unit Value Unit
peak power Pemmax 250 kw d-axis current step 0 A 50 A 0.7 N
maximum stator current amplitude - t st 0 A 50 A 04
@ current density of 15 A/mm? lsampmax 450 A draxis current step ’ s
. field current step 0 A 1 A 0.1 S
maximum field current
@ current density of 10 A/mm? ltmax 7854 A
) 100°C R 10,55 o As a brief comparison of the results, the risetimes of the
stator res_lsmnce @ . s ’ o currents are measured and the bandwidths are calculated, as
A field fesistance @100°C Re 3471 Q presented in TABLE V. The risetimes in Case 0 deviate from
d-axis self-inductance @ zero current Laao 1.30 mH the target values as presented in TABLE III, whereas the
q-axis self-inductance @ zero current  lgqo 1.30 mH risetimes in Case 1 closely follow the targets. This indicates
field self-inductance @ zero current lro 20.29 H that with mutual induced voltages compensated, first-order
dq mutual-inductance @ zero current lago 0.00 mH responses can be achieved. In addition, the rise times of the d-
df mutual -inductance @ zero current Luro 92.80 mH axis and ﬁglq currents devigte more thap that of the g-axis
qf mutual -inductance @ zero current lyto 358 uH current. This is due to the higher mutual inductance between

the d-axis and field than that between the g-axis and field.



TABLE V

CURRENT RESPONSE
Case Quantity Bandwidth Rise Time
Value Unit Value Unit
d-axis current 7.15 Hz 48.88 ms
Case 0 q-axis current 9.96 Hz 35.12 ms
field current 4.18 Hz 83.60 ms
d-axis current ~ 10.20 Hz 34.27 ms
Case 1 g-axis current  10.20 Hz 34.27 ms
field current 5.10 Hz 68.55 ms

The step responses of the currents with (Case 1) and
without (Case 0) compensations for mutual induced voltages
are compared in Fig. 3 and Fig. 4. As already compared in
TABLE V, the current responses in Case 1, i.e. the waveforms
of igmsr1> lqmsra and lgmerq can be considered as first
order. Discrepancies between the two cases are then pointed
out and explained.

A disturbance in igpmero Starting from 0.1 s can be noticed
in Fig. 3 when the field current rises as shown in Fig. 4. The
disturbance here is due to the EMF across L4 induced by the
field current rise. This amount of induced voltage should be
compensated for by the controller to keep the d-axis current at
zero, but it is not in Case 0. Therefore, the d- and g-axis
voltages deviate from how they should behave as shown in
Fig. 5. The disturbance in d-axis current then affects the field
current in return through an induced voltage across L¢gq. The
influence can be firstly seen in the deviation of field voltage
shown in Fig. 6. Then it ends up with a discrepancy between
itmsro and igmerq around 0.2 s shown in Fig. 4.

60
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Fig. 3  Step responses of d- and g-axis current.
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Fig. 4 Step response of field current.

At 0.7 s, the d-axis current rises, and a dip in ifpero can
be noticed in Fig. 4. The explanation for this is similar to the
one for the disturbance at 0.1 s in d-axis current. An EMF
across Lgq is induced by the rise of d-axis current. The
controller in Case 0 does not take this mutual induced voltage
into account. Therefore, a dip appears in the field current. The
field current controller detects the error and then gradually
increases the voltage output as shown in Fig. 6 to turn the field
current back as shown in Fig. 4. The disturbance in field
current then induces an EMF in d-axis and affects the d-axis
current in return as shown in Fig. 3.

The waveform of the electromagnetic torque is presented
in Fig. 7. As can be noticed, the dip in field current shown in
Fig. 4 causes a dip in torque as shown in Fig. 7. With mutual
induced voltages compensated in Case 1, the torque response
becomes smooth.

250
200

150 /
100
0

50 \_

Voltage [V]

-100
00 01 02 03 04 05 06 0.7 08 09 10
Time [s]
ud0 ud 1 ugq0 ugql
Fig. 5 Waveforms of d- and g-axis voltages.
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Fig. 7 Waveforms of electromagnetic torque.



C.  Dynamic Current Control with Voltage Limit Reached

In this section, the control bandwidths are given as 10 times
of the previous ones as listed in TABLE VI. The current
references are given as the ones with which the machine
delivers peak torque. The steps of current references are
defined in TABLE VII. With these setups, the voltage limits
would be hit when the currents step up. Two cases are studied
in this section. One case is with no anti-windup implemented,
named as “Case 2”, whereas the other case is with anti-windup
implemented, named as “Case 3”.

TABLE VI
PARAMETERS OF CURRENT CONTROLLER
Bandwidth Rise Time
Parameter - -
Value Unit Value Unit
d-axis current control 100 Hz 3.5 ms
g-axis current control 100 Hz 35 ms
field current control 50 Hz 7.0 ms
TABLE VII
STEPS OF CURRENT REFERENCES
From To At
References - - -
Value Unit Value Unit Value Unit
d-axis current step 0 A -131.8 A 0.05 s
g-axis current step 0 A 4303 A 0.20 s
field current step 0 A 7854 A 0.35 s

The stator and field current responses are presented in Fig.
8 and Fig. 9. The stator and field voltages can be seen in Fig.
10 and Fig. 11. In Fig. 8, the d-axis current in Case 2 is
disturbed at 0.05 s. This happens when the field voltage hits

500
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— 300 y
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5 100
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-300
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------- iq ref i q msr 2 i_q msr 3
Fig. 8 Step responses of d- and g-axis currents.
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Step response of field current.

the limit as can be seen in Fig. 11. In this situation, W selr
calculated in the controller exceeds the voltage limit. By using
this exceeded voltage level of U i self, the current derivatives

d . .
d—; are over-estimated, because the actual voltages applied

across the self-inductances is limited but the controller is not
aware of this. Consequently, unnecessarily higher voltages are
applied across the stator windings as can be seen in Fig. 10.
This causes the disturbance in d-axis current at 0.05 s.

After the d-axis current comes back to zero, it then goes to
negative instead of staying at zero. This is due to the
mechanism of PI control. A PI controller integrates the error
to eliminate the error. A negative integral is established when
the d-axis current goes to positive. To cancel this negative
integral, the d-axis current needs to go negative for some time,
and in the end, the negative area should be equal to the positive
area enclosed by the current waveform and the time-axis.

The field current in Case 2 rises faster than that in Case 3
starting from 0.05 s. This is due to a negative EMF induced in
the field winding by the decrease of the d-axis current. The
induced negative EMF together with the applied field voltage
at the terminal gives a higher voltage in total applied across
the self-inductance in field winding. Consequently, the field
current rises faster in Case 2.

A large over-shoot in field current can be observed in Case
2. This is due to two reasons. One reason is that, the PI
regulator of the field current only takes care of the resistance
and the self-inductance in the field winding. The EMFs across
the mutual inductances are disturbances not considered in the
PI regulator design. These EMFs cannot be canceled by the
compensation algorithm either because the current derivatives
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Fig. 10 Waveforms of d- and g-axis voltages.
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Fig. 11 Waveforms of field voltage.



are calculated based on u¢yqger Which is not the correct
value when the voltage limit is hit. Another reason is that, anti-
windup is not implemented in Case 2. Thus the integrator
keeps integrating the entire amount of error current even after
the voltage limit is hit. This means the integrator winds up.
Hence after the field voltage exits saturation, it takes time for
the integrator to clear this extra amount of integral.

In contrast to Case 2, the current waveforms in Case 3 are
clean during the rise of field current. This is due to the anti-
windup applied to U se1r- However, during the rises of d-
and g-axis currents, the field current is disturbed even with
anti-windup implemented as can be noticed in Fig. 9. This is
due to that the EMFs in the field winding induced by d- and g-
axis currents are too high for the field voltage to compensate
for though the field voltage in terminal already drops to zero.
As has been described in the design section, the compensation
for the induced voltage due to mutual coupling cannot
function well when the voltage output capability is already
exhausted. Hence in this situation, the same disturbances
appear in field current in both Case 2 and Case 3. In
comparison, during the rise of field current, there is no
disturbance in d- and g-axis currents. This is because the stator
voltage output capability is not exhausted yet and the
controller can still compensate for the induced voltages across
the mutual inductances in the stator winding.

V. CONCLUSIONS

A dynamic current control algorithm for electrically
excited synchronous machines has been proposed in this
study. In the control algorithm, the induced voltages due to
mutual coupling are compensated for during the transients of
current rises. The rises of d-axis, g-axis and field currents are
in the shape of first-order responses. Disturbances in current
waveforms due to mutual coupling are mitigated and the
current waveforms become clean. Consequently, the torque
response becomes smooth compared to the case without
compensations for mutual coupling. An anti-windup
technique is implemented to avoid the integrator from winding
up when the voltage limits are reached. It is shown in the
analysis that the anti-windup technique is essential to make the
compensations for mutual coupling work properly in case of
voltage output saturation.
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