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The switching frequency of the power electronic devices used in large synchronous motor drives is usually kept low (less than 1 

kHz) to reduce the switching losses and to improve the converter power capability. However, this results in a couple of problems, e.g. 
an increase in the harmonic components of the stator current, and an undesired cross-coupling between the magnetization current 
component (im) and the torque component (it). In this paper, a novel complex matrix model of electrically excited synchronous 
motors (EESM) was established with a new control scheme for coping with the low switching frequency issues. First, a hybrid 
observer was proposed to identify the instantaneous fundamental component of the stator current, which results in an obvious 
reduction of both the total harmonic distortion (THD) and the low order harmonics. Then, a novel complex current controller was 
designed to realize the decoupling between im and it

 

. Simulation and experimental results verify the effectiveness of this novel 
control system for EESM drives. 
  
Key words: Complex matrix model, Electrically excited synchronous motors (EESM), Hybrid observer, Complex current controller, 
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I. INTRODUCTION 
 

 Electrically excited synchronous motors (EESM) are 
widely applied in high power industrial fields, e.g. metal 
rolling, mine hoisting, ship propulsion and locomotive 
traction, owing to their advantages such as a high efficiency, 
as well as a high and adjustable power factor [1]-[3]. The 
switching frequency of the power semiconductors is limited 
to below 1kHz to reduce the switching losses and to improve 
the output power of the converters [4]-[9]. However, a low 
switching frequency affects the performance of the control 
system. The harmonic components of the stator current 
increase with a reduction of the switching frequency, which 
affects normal operation [10]. In addition, a low switching 
frequency also causes a longer delay of the pulse width 
modulation (PWM), which deteriorates the dynamics of the 
current control and causes an undesired cross-coupling 
between im and it

For the vector control system, a fast torque response 
requires the fundamental component of the stator current, or 
the flux, to be successfully extracted and used as a feedback 
signal [10]. Extracting the fundamental content with filters 
introduces a signal delay and thus degrades the performance 
[10]-[12]. An open-loop fundamental observer was put 
forward in [13]. However, it didn’t offer a correction link, 
which would result in a phase difference. A current 
fundamental observer was proposed for asynchronous 
machine drives, which provided a reference for EESMs [10]. 
Because of the model complexity of EESMs, some special 
issues need to be considered [6]. 

 [11].  

A number of solutions have been considered to deal with 
the decoupling problem of ac motors operating with a low 
switching frequency, such as pairs-angle matrix decoupling, 
unit-matrix decoupling, feedback control decoupling, voltage 
feed-forward decoupling, etc. [14]-[17]. However, all of these 
solutions are feasible only when the given current is equal to 
the real current, and the model parameters are matching [1], 
[18], [19]. In [20], a deadbeat control combined with a 
repetitive control was proposed to solve the PWM delay 
introduced by a low switching frequency. However, it did not 
provide a definite modeling [20].  

There are two methods to establish the drive model, 
namely the classic matrix state space representation and the 
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complex vector method. When compared with the classic 
matrix modeling, the complex vector method can reveal the 
inner electromagnetic relation [21]. Considering the rotor 
asymmetry of an EESM, a novel complex matrix modeling 
based on a combination of the matrix and complex vector 
methods is proposed, and it is convenient to design the 
control system [10], [21]-[23]. 

This paper presents a control system for an EESM with a 
low switching frequency based on the complex matrix 
modeling. A novel hybrid observer for identifying the 
instantaneous fundamental component of the stator current 
was proposed with a deep dynamic and steady state analysis. 
Furthermore, a novel current controller with complex state 
variables was designed to address the delay introduced by the 
switching device and the time-discrete sampling to realize the 
decoupling between im and it

II. COMPLEX MATRIX MODEL OF AN EESM 

, as well as the dynamic and 
steady response. The simulation and experimental results verify 
the proposed control scheme.  

 

Considering the rotor asymmetry of an EESM, the 
complex matrix models based on the rotor field coordinates 
can be expressed as in (1) (the damping windings were not 
included): 

          (1)                                 
where us and u f  are the voltages of the stator and the rotor 

field; Rs and Rf  are the stator and field winding resistances; 
ψs and ψ f are the flux linkage of the stator and the field; ωr
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the angular velocity of the field coordinates; 

is the inductance coefficient of the stator; 

0
0
md

m
mq

L
L

 
=  

 
l is the mutual inductance between the 

stator and the rotor; Lf  is the inductance coefficient of the 
rotor; Ld and Lq are the synchronous inductance coefficients; 
and Lmd and Lmq are the armature reaction coefficients.                          

 By using the Laplace transformation, the motor model in 
(1) can be transferred as (2):  

    (2)                           
where σ=1-lm

2/(lsLf) is the total leakage factor; τ s’=σls/Rs 
is the transient time constant of the stator; τ f’=σLf/Rf  is the 
transient time constant of the rotor; and kf=lm/Lf and ks=lm/ls 

are the coupling factor of the rotor and the stator. Equation 
(2) can be visualized in the signal flow chart (see Fig. 1), 
where τm is the mechanical time constant; Te and TL are the 
electromagnetic and load torque respectively; and kr

III. HYBRID CURRENT OBSERVER 

 is a 
calculation constant. 

A. Design of the hybrid observer 
As mentioned in the introduction, the fast control of torque 

requires the fundamental component of the stator current in 
the vector control system. Considering the effect of a low 
switching frequency, a novel hybrid observer was proposed 
to extract the fundamental current of the stator. A complex 
matrix model for an EESM was established in a hybrid 
structure as a combination of the stator model in the 
stationary coordinates and the rotor model in the field 
coordinates 

       (3) 
where the superscripts (S) and (F) represent the stationary 
coordinates and the field coordinates; and isd is the direct-axis 
component of the stator current. Transforming (3) to (4) 
yields the following transfer function:  

        (4) 
where, τ f=Lf/Rf

The principle of the hybrid observer is to take the machine 
model as the observer model, then adopt an undistorted 
reference voltage vector u

 is the time constant of the rotor. 

s* as the input of the observer 
which replaces the real voltage input us
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, as shown in Fig.1. A 
new stator flux and current is calculated by the actual signals 
such as the stator current, the speed information and the 
estimated stator flux. Since there are no harmonic 
components in the main input signal of this observer, the 

 
Fig. 1. Complex matrix model of an electrically excited motor. 
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calculated current or flux could be regarded as the 
fundamental component of the actual signal. The equations of 
the fundamental observer are as follows: 

    (5)                          

where, 
( )

1

S

s
∧
ψ and

( )

1

S

s
∧
i  are observed fundamental 

components of the stator current and the flux, respectively; 

is the estimated stator flux error, and 
Ψs

(S) is the actual stator flux calculated by the flux observer. 
Gs is the error correction signal, and it was chosen as 
Gs

B. Stability analysis of the hybrid observer 

=g+j0. This selection is justified by the observer given in 
(5), which does not exhibit imaginary terms, where g is an 
adjustable parameter and can be obtained by the pole-zero 
placement of the matrix. The structure of the hybrid observer 
for the stator current is shown in Fig.2. 

The impulse response of the error function was adopted to 
analyze the stability of the hybrid observer with variable 
speeds, adjustable parameters and motor parameter 
mismatches of the machine model. The error function of the 
observer is given in (6) from (4) and (5). 
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            (6)                                

The impulse response of (6) is shown in Fig.3. 
 

It can be seen that variations in the speed have little 
influence on the error impulse response, as in Fig.3 (a), where 
the speed varies from 0.5ωn to ωn (ωn

'
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 is the rated speed). 
Fig.3 (b) shows a function of the adjustable parameter g, 
which indicates that large g leads to better performance. 
When the system operates at its rated speed and a parameter 
error set to 25% of the actual value, the error impulse 

Fig. 2. Structure of the hybrid observer for the stator observer. 
 

 
(a) Impulse response at different speed. 

 
(b) Impulse response at different adjustable parameter. 

 
(c) Impulse response with a parameters’ mismatch. 

Fig. 3. Impulse response of observed error function. 

 
(a) fs=1kHz. 

 
(b) fs=500Hz. 

Fig. 4. Dynamic response of the observed stator current at 
different switching frequency. 
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response is shown in Fig.3 (c). This demonstrates the strong 
robustness of the observer. 
C. Simulation and harmonic analysis 

Simulations were carried out for a two-level EESM with 
different switching frequencies (1kHz, 500Hz) using the 
MATLAB tool. The results are shown in Fig. 4. 

As can be seen, this kind of hybrid observer can extract the 
fundamental current component with a dynamic characteristic 
and a steady accuracy. In addition, the dynamic response time 
was less than one Ts (switching period). For a further study, 
an FFT analysis was carried out on the actual and observed 
stator current, as shown in Fig. 5 and Fig. 6. 

In [24], it was pointed out that the frequency spectrum of 
an inverter (two-level) can be decomposed into three parts: 
(1) the target fundamental component; (2) the low order 
harmonics, which are the main factor affecting performance; 
(3) the carrier harmonic components and their sidebands, 
usually considered as high order harmonics. For a three phase 
inverter, the frequency of part (3) can be represented as fs±2f0, 
fs±4f0, 2fs±f0, 2fs±5f0, 2fs±7f0 (fs is the switching frequency 
and f0 is the target fundamental frequency), and so on.  

 From Fig. 5 (a) and Fig. 6 (a), it can be seen that, when 
fs=1kHz and f0=50Hz, the THD of the phase current is 
77.07%, and the harmonic orders of part (3) are 16, 18, 22, 24 
and 33, 35, 39, 41, 45, 47, which could still be taken as high 
order harmonics. However, when fs=500Hz and f0=50Hz, the 
THD is as high as 163.12% and the harmonic orders are 6, 8, 
12, 14 and 13, 15, 19, 21, 25, 27, which are thought as 
relatively low order harmonics, with a severe effect on the 
performance of the system. The FFT analysis on the observed 
phase currents are shown in Fig. 5 (b) and Fig. 6 (b). It can be 
seen that there is a great reduction of the THD (10.48% at 
fs=1kHz, 20.97% at fs

 

=500Hz). This is especially true for the 
low order harmonic components.  

IV. COMPLEX CURRENT CONTROLLER 
 

A. Modeling of a current loop with a low switching 
frequency 

For the vector control system, a cross-coupling term exists 
between im and it

1 /( )=
1 j

s s

s s r s

RF s
sτ ω τ

=
+ +

u
i

 as a result of (1) the cross-coupling identity 
of the control object itself; (2) the cross-coupling caused by a 
PWM delay with a low switching frequency. The proportional 
integral (PI) controller and the feed-forward compensation can 
only resolve the former cross-coupling. The transfer function 
of the current loop can be expressed as: 

          (7) 

where τs=Lsl/Rs

*d (1 j )
d

s
d r d st

τ ω τ+ + =
u u u

. The delay introduced by the PWM inverter 
and the digital sampling are approximated by a first-order 
differential equation [25]: 

         (8) 

where u* is the reference voltage vector produced by the 
current controller, τd=0.75/fs
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 is the time constant of the delay, 
and (8) can be transferred to: 

          (9) 

The complex transfer function of the current loop is: 
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   (10)  

B. Analysis of the low switching frequency 
Equation (10) can be represented as: 

( ) Re[ ( )] Im[ ( )]mi mi miF s F s F s= +        (11) 

Cross-coupling is introduced by the complex factor j, 
which means that the imaginary component of a complex 
transfer function determines the cross-coupling effect of a 
dynamic system [25]. The definition of the frequency 
response of the cross-coupling is given as: 
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=           (12) 

With (12) applied to equation (10), the cross-coupling 
response of the current loop along with the angular frequency 
ω with a different switching frequency is shown in Fig.7. 

 

C. Complex current controller 
From the foregoing analysis, it can be seen that the 

decoupling between im and it can be realized when the current 
controller eliminates the complex pole existing in the control 
plant. Fr
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     (13)                        

Then, the whole open loop transfer function is derived 
from (10) and (13): 
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(a) Actual stator current.  (b) Observed stator current. 

Fig. 5. FFT analysis of the stator current at fs=1kHz. 
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(a) Actual stator current.  (b) Observed stator current. 

Fig. 6. FFT analysis of the stator current at fs=500Hz. 
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With all of the complex poles being eliminated, the open 
loop transfer function is resulted to (14), which no longer has 
a more complex coefficient. As a result, the cross-coupling is 
eliminated. A signal diagram of the complex current regulator 
is shown in Fig.8, in which, k0

D. Simulation analysis 

 is the adjustment coefficient 
related to the gain of the open loop. 

 

 Simulations of the complex current controller were carried 
out with different switching frequencies (1kHz and 500Hz) 
after obtaining the fundamental current component. The aim 
of these simulations was to analyze the cross-coupling 
between im and it, which was shown in Fig. 9 and Fig. 10. 
There is no-load before Time=1s, and the given speed was 
20rad/min at Time=0.2s and 1500rad/min (ωr=ωn

 
This kind of current controller, with its complex state 

variables, can realize the decoupling of i

) at 
Time=0.4s. Half of the load was added at Time=1s.  

m and it

V. EXPERIMENTAL RESULTS 

 as well as 
fast dynamic and steady responses. 

 

The whole control system takes the fundamental current 
component generated by the hybrid observer, as a feedback 
signal, which is shown in Fig.11. This system adopts the air 
gap flux linkage orientation. 

The experimental results were obtained from a 2.5kVA 
EESM fed by a two-level inverter and a load from a dc motor. 
The motor parameters are listed in the APPENDIX. 

The first test was the closed-loop control of the EESM at 
different switching frequencies (5kHz, 500Hz). The 
time-discrete control signals were processed at 10kHz. Then 
experiments were conducted on the hybrid observer and the 
complex current regulator. 

Fig.12 shows the extraction of the fundamental current 
component of the a-phase at the steady-state. Although the 
switching frequency was as low as 500Hz, an immediate 
response was obtained without errors with respect to the 
phase angle and the magnitude. The dynamic performance of 
the complex current regulator was shown in Fig.13. When 
increasing and reducing the load, there was a relatively small 
cross-coupling between im and it. 
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Fig. 7. Cross-coupling response of the current loop along with 
the angular frequency ω at different switching frequency. 
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Fig. 8. Diagram of complex current regulator. 
 

 
Fig. 9. Current waveforms of MT coordinates at fs=1kHz, 
complex controller. 

 
Fig.10. Current waveforms of MT coordinates at fs=500Hz, 
complex controller.  
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VI. CONCLUSION 

Considering the complexity of an EESM, a novel complex 
matrix model has been established by a combination of the 
classic matrix model and the complex model. This modeling 
of an electrically excited motor in terms of the complex 
matrix provides a better insight into the dynamics of the 
controlled system. 

The harmonic current components increase along with the 
reduction of the switching frequency. The fast dynamic 
control requires an estimation of the instantaneous 
fundamental current as a feedback signal. One hybrid 
fundamental observer at different coordinates was proposed 
for this purpose. This can observe the fundamental 

components of the stator current in real-time at a switching 
frequency of only 500Hz (fed by a two-level inverter). 

According to the cross-coupling between im and it of a 
vector controlled drive, a novel complex current controller was 
established to realize the decoupling. Simulation and 
experimental results verify that this current controller with its 
complex state variables can realize the decoupling of im and it

R

 
as well as perfect the dynamic and steady responses. 

Furthermore, an improvement of the PWM modulation 
should be carried out to obtain a better dynamic performance of 
the control system for electrically excited drives with a low 
switching frequency. 

 

APPENDIX 
Machine data: 

s=6.08Ω, Rf=16.47Ω, Lsl=0.0358H, Lfl=0.000623H, 

 
Fig. 12. Estimated fundamental component of the a-phase at 
different frequency (a) fs=5 kHz; (b) fs=500Hz. 
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Fig.11. Diagram of the whole control system. 

 
Fig. 13. current waveforms of MT coordinates at fs=500Hz  
stability of ac machines, advanced control of electrical 
machines, and power electronics. 
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=0.0148H; Rated power =2.5kVA, Rated 
speed=1500rpm, Number of pole-pairs=2, Conversion 
coefficient=0.08413. 
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