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Abstract 

 
Flux estimation is a significant foundation of high-performance control for DC-excited synchronous motor. For almost all flux 

estimators, such as the flux estimator based on phase locked loop (PLL), DC drift causes fluctuations in flux magnitude. 
Furthermore, significant dynamic error may be introduced at transient conditions. To overcome these problems, this paper proposes 
an improved flux estimator for the PLL-based algorithm. Filters based on the generalized integrator are used to avoid flux 
fluctuation problems caused by the DC drift at the back electromotive force. Programmable low-pass filters are employed to 
improve the dynamic performance of the flux estimator, and the cutoff frequency of the filter is determined by the dynamic factor. 
The algorithm is verified by a 960V/1.6MW industrial prototype. Simulation and experimental results show that the proposed 
estimator can estimate the flux more accurately than the PLL-based algorithm in a cycloconverter-fed DC-excited synchronous 
machine vector control system.  
 
Key words: Back electromotive force filter, Flux estimator, Generalized integrator, Phase locked loop, Programmable low-pass 
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I. INTRODUCTION 
Flux estimation is very important in implementing 

high-performance motor drives. For the gap flux orientation 
vector control system of the synchronous machine, the 
decoupling effect depends on the accuracy of flux estimation. 
Motor flux estimator has attracted wide research attention in 
recent years [1]-[20]. 

Flux estimation methods based on the motor model are 
traditional methods, including current model, voltage model, 
and a combination of both. Among these models, the voltage 
model is mostly used because of its simple structure and few 
parameters, especially at high-speed occasions. The traditional 
voltage model is derived by integrating the back electromotive 
force (EMF). This model is difficult to apply in practice 

because of initial phase errors, drift, and saturation problems 
[1]-[20]. 

Among these voltage model algorithms, low-pass filter 
(LPF) is the most commonly used algorithm. To reduce DC 
drift, the ideal integrator is always approximated by one or 
several LPFs [3]-[9]. Hurst et al. [3] used causal moving 
average filters instead of pure integrator. However, this 
approach resulted in the phase lag and the flux decrease at low 
speed, which affect the accuracy of flux estimation. Given that 
the order of the filter is determined by the synchronous 
frequency, the flux estimator generates dynamic errors at 
transient conditions. 

For estimators based on LPFs that use fixed cutoff 
frequency, the cutoff frequency is difficult to determine. If the 
cutoff frequency is high, the DC drift problem can be largely 
alleviated and the saturation problem can be eliminated. 
However, the magnitude and angle errors are significant, 
especially in low-frequency range. Moreover, if the cutoff 
frequency is low, the drift problem will remain. To solve these 
problems, the decrement in gain and the phase lag of the LPF 
can be compensated by multiplying compensators [4]. Given 
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that the gain and phase compensator are synchronous 
frequency-related functions and the synchronous frequency 
contains a large number of harmonics, such as switching 
harmonics, compensation values are difficult to calculate 
accurately. The flux estimator will also worsen at transient 
conditions. 

To improve the performance of the LPF algorithm, Hu et al. 
[5] proposed a new algorithm. First, the algorithm separates 
the observed flux magnitude from the phase by Cartesian to 
Polar coordinate transformation. It then calculates the 
compensation flux. Finally, the compensation flux changes 
back to the Cartesian coordinate and compensates the 
magnitude and phase errors of the LPF by another LPF. With a 
good PI parameter, this algorithm can estimate the flux in a 
wide frequency range. However, this method assumes that the 
back EMF is orthogonal to the flux, which is untrue at transient 
conditions. 

To overcome the problems of fixed frequency LPF, the 
programmable LPF was proposed [6]-[9]. In general, errors 
are compensated by the magnitude and phase compensator. 
The cutoff frequency is adjusted according to the motor 
synchronous frequency. On the one hand, the cutoff frequency 
of this algorithm is several times higher than the synchronous 
frequency, and the drift problem can be largely alleviated. On 
the other hand, compensation values of the magnitude and 
phase are constant. Thus, the algorithm can estimate the flux in 
a wide frequency range. To improve the dynamic performance 
of the programmable LPF estimator, the cascaded method was 
proposed [6], [7]. For this algorithm, the programmable 
single-stage filter is always replaced by two or three 
programmable cascaded LPFs. However, given that the 
compensators also contain the synchronous frequency, the 
results will fluctuate if the actual stator voltages are used to 
calculate the flux. 

Another solution to the drift problem exploits the fact that 
the offset vector is almost unidirectional, whereas the 
derivative vector of the circular displacement rotates [10]-[13]. 
For this method, offset estimators are used to estimate the drift 
in the EMF, and the results are fed back to the input of the 
integrator to cancel the drift. This approach essentially belongs 
to the LPF algorithm. Given that the offset drift is mainly a 
thermal effect that changes the DC offset very slowly, the 
response time of the offset estimator is not at all critical [13]. 
However, the output deviation is large in the process of 
adjusting. Moreover, the method uses the reference value of 
the flux, which reduces the accuracy of the algorithm.  

An estimation technique based on the principle of the phase 
locked loop (PLL) was introduced in [14]. This method has a 
simple structure and can remove the drift considerably. The 
PLL is also a real-time method. The flux and the synchronous 
frequency are obtained simultaneously. However, this method 
assumes that the back EMF is orthogonal to the flux at 
transient conditions. 
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Fig. 1. Block diagram of the flux estimator based on PLL. 

 
Given that the current model always dominates the flux 

observer at low speeds, the current model can be used to adjust 
the voltage model [15]-[20]. The current model requires motor 
parameters and measured motor currents. One of the problems 
associated with this method is that the parameters change with 
motor operating conditions.  

In these methods, the DC drift is generally incompletely 
eliminated to solve the saturation problem. In addition, a 
significant dynamic error may be introduced at transient 
conditions.  

This paper proposes an improved flux estimator for the 
PLL-based algorithm with back EMF filters and 
programmable filters. Back EMF filters are used to eliminate 
the DC drift, and programmable filters are used to enhance the 
dynamic performance. 

 

II. PLL-BASED FLUX ESTIMATOR  
A. The Algorithm 

The flux vector is as follows: 
je θψ=ψ                      (1) 

where θ  is the flux angle, and ψ  is the magnitude of the flux 
vector.  

According to Faraday’s law, the EMF vector can be obtained 
by the following equation: 

j jd d e j e
dt dt

θ θψ ωψ= = +
ψe             (2) 

where d
dt
θω =  is the synchronous frequency. 

The angle of the first part of Eq. (2) is similar to the flux 
vector. Thus, this part is called the flux-axis component. The 
magnitude of this part is as follows: 

m
de
dt
ψ

=                       (3) 

where m  represents the flux axis. 
The second part of Eq. (2) is orthogonal to and ahead of the 

flux axis because of the presence of “j.” This part is called the 
torque-axis component. The magnitude of this part is as follows: 

te ωψ=                      (4) 
where t  represents the torque axis. 

me and te  can be obtained from eα  and eβ  according to 

the coordinate transformation: 
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Fig. 2. Small-signal model of the estimator. 
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               (5) 

The block diagram of the motor voltage model based on PLL 
estimates the flux according to Fig. 1 [14]. 

Only one parameter occurs in this estimator, namely, K, 
which influences the stability of the estimator. 

The principle of this method is that me  and te  satisfy Eqs. 
(3) and (4) respectively when the angle is calculated correctly. 

B. Steady-State Error 

,D Dα β  are the DC drifts of eα , eβ  respectively. At 

steady state, these DC drifts produce the error component 

mDe  in me . 

cos sinmDe D Dα βθ θ= +             (6) 

These DC drifts also cause the error component Dψ in ψ . 

sin cos
D

D Dα βθ θ
ψ

ω
−

=             (7) 

The algorithm cannot completely eliminate the DC drifts, 
which cause the fluctuation of the flux magnitude. 

C. Dynamic-State Error 
This method assumes that the back EMF is orthogonal to the 

flux; hence, me  is zero. However, this assumption is untrue at 
transient conditions, especially when the rotor or the stator 
currents change. These conditions cause changes in flux 

magnitude, and d
dt
ψ  may be thousands of times larger than 

the changes. Therefore, me  cannot be ignored at transient 
conditions.  

D. Stability of the Estimator 
The stability and effectiveness of the algorithm can be 

verified by the following small-signal analysis method. 
Assuming the flux estimator is already stable, more than 

first-order incremental signals will be neglected. 
Assuming the disturbance recently occurred, the flux angle 

produces errors, namely, θ∆ . Thus, all the related parameters 
can be expressed as follows: 

ˆ
ˆ
ˆ

ˆ
ˆ
m m m

t t t

e e e
e e e

ψ ψ ψ
ω ω ω

θ θ θ

= + ∆
 = + ∆

= + ∆
 = + ∆
 = + ∆

                  (8) 

where ^ marks the estimated value, and Ä marks the error 
between the estimated value and the actual value. 

By using Eq. (5), we can obtain 
ˆ sin cos
ˆ cos sin

m t m

t t m

e e e
e e e

θ θ
θ θ

= ∆ + ∆
 = ∆ − ∆

            (9) 

cos 1θ∆ ≈  and sin 0θ∆ ≈  because θ∆  is very small. 
Eq. (9) can be rewritten as follows: 

m t

t m

e e
e e

θ θωψ
θ

∆ = ∆ = ∆
∆ = −∆

            (10) 

By using Eqs. (3) and (8), we can obtain 
ˆˆ m m me e e
s s

ψ + ∆
= =  

Furthermore, we can obtain 

me
s

ψ ∆
∆ =                 (11) 

According to Fig. 1 and Eq. (8), the estimated synchronous 
frequency is as follows: 

2 2

ˆ ˆ ( )ˆ
ˆ

[ ( )]( )

t m t t m m

t t m m

e Ke e e K e e

e e K e e

ω
ψ ψ ψ

ψ ψ
ψ ψ

+ + ∆ + + ∆
= =

+ ∆

+ ∆ + + ∆ − ∆
=

− ∆

      (12) 

By applying Eqs. (10) to (12), we can express the estimated 
synchronous frequency as follows: 

2 2

[ ( )]( )ˆ t m m te e K e eθ θ ψ ψω
ψ ψ

− ∆ + + ∆ − ∆
=

− ∆
    (13) 

By ignoring all the incremental signals more than the first 
order, Eq. (13) can be rewritten as follows: 

( )
2

[ ( )]ˆ t m m t t me e K e e e Keθ θ ψ ψ
ω

ψ
− ∆ + + ∆ − + ∆

=  (14) 

If the system is running at a constant flux level, 0me =  can 
be obtained. In addition, Eq. (14) can be rewritten as follows: 

ˆ K ψω ω ω θ ω
ψ
∆

= + ∆ −              (15) 

We can also obtain 

K ψω ω θ ω
ψ
∆

∆ = ∆ −               (16) 

For 
ˆˆ
s s s s
ω ω ω ωθ θ∆ ∆

= = + = +           (17) 

Thus, 

s
ωθ ∆

∆ =                   (18) 

Fig. 2 shows the small-signal model of the estimator, which 
can be obtained through Eqs. (10), (11), (16), and (18). 

The close-loop transfer function of the estimator is as follows: 
2

2

2 2 2

1( )
( )

11 ( )

K K ss sf s
s K sK

s s

ωω ω ω
ω ω ωω

− − − +
= =

− +− −
     (19) 
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Fig. 3. Block diagram of the proposed estimator. 

 
Based on the Routh stability criterion, the system is stable 

when  
0Kω <                      (20) 

For example, when 0, 0K ω> < , the roots of the characteristic 
equation are as follows: 

2

1,2

1,2

2

1,2

4 0 2
2

2
2

4 2
2

K j Ks when K

Ks when K

K Ks when K

w

w

w

 ± −
= < <




= =

 ± − = >


   (21) 

According to Eq. (21), the system is under damped when 
0 2K< < , critically damped when 2K = , and over damped 
when 2K > . 

 

III. PROPOSED FLUX ESTIMATOR 
This paper proposes an improved flux estimator for 

PLL-based algorithms with back EMF filters and programmable 
filters. Fig. 3 shows the block diagram of the proposed flux 
estimator. Back EMF filters are used to completely eliminate the 
DC drift, and programmable filters are used to enhance the 
dynamic performance.  

A. Back EMF Filter 
In the stationary α β−  reference frame, the air-gap flux 

is derived by integrating the back EMF die u Ri L
dtσ= − − , 

which yields 

( )diu Ri L dt
dtσψ = − −∫            (22) 

-80

-60

-40

-20

0

M
ag

ni
tu

de
 (d

B)

-90
-45

0
45
90

Ph
as

e 
(d

eg
)

Frequency  (rad/s)
010 210 410

2000
200

20

2000

200

20

 
Fig. 4. Frequency characteristics of the EMF filters.  
 
where R  is the stator resistance, Lσ  is the stator leakage 

inductance, u is the stator voltages, i  is the stator currents, 

andψ  is the gap flux. 
The EMF, which is calculated by Eq. (22), contains 

high-frequency component harmonics, such as switching 
harmonics, and a DC drift, which is unavoidable in the analog 
sampling process. In general, the first-order high-pass filter 
(HPF) is used to remove the DC drift, which causes 
magnitude and phase errors. This paper uses a new back EMF 
filter based on a generalized integrator (Fig. 3). This filter 
uses a negative feedback loop of EMF. Taking the α  axis 
for example, the output of the generalized integrator eα′  is 
an alternating signal. If errors are found between the output 
of the generalized integrator and the fundamental component 
of eα , the generalized integrator will work and errors will be 

eliminated. Thus, the fundamental component of eα , eα′ , is 

obtained. The most important factor of this method is k . 
The way to select the value of k  will be illustrated later. To 
obtain the correct flux, the resonant frequency of the 
generalized integration is also equal to the synchronous 
frequency of the machine. 

The close-loop transfer function of the back EMF filter is 
given by 

2 2

( )
( )

e s ks
e s s ks
α

α ω
′

=
+ +

           (23) 

The DC gain of this filter is zero. Thus, this filter can 
effectively suppress the DC signal. 

The gain of fundamental frequency is as follows: 

2 2

( ) 1 0
( )

e j kj j
e j kj
α

α

ω ω
ω ω ω ω

′
= = +
− + +

      (24) 

Hence, this back EMF filter can track the synchronous 
frequency component without errors in both magnitude and 
phase. 

For the proposed filter strategy, the crucial question is how 
to determine the value of proportional gain k . The value of 
k influences the process of extracting the synchronous 
component of the EMF. Fig. 4 shows the Bode plot responses 
for the filter with different values of gain k , such as 20, 200, 
and 2000. The resonant frequency of the generalized 
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integration is 62.83 rad/s. In addition, regardless of the value 
of k , the magnitude response is 0 dB and the phase 
response is 0° at the resonant frequency. This result confirms 
that the value of k  has no effect at steady state. At transient 
conditions, the larger the value of k , the greater the 
magnitude response. Therefore, the larger the value of k , 
the better the dynamic performance. Thus, to ensure the 
dynamic performance, the value of k  is at least 1000. 

B. Flux Observer with Programmable Filters 
The Laplace transform of Eq. (22) is as follows: 

1 1( ) ( ) ( ) k

k

ss e s e s
s s s

ωψ
ω

+
= =

+
          (25) 

The term in the right is expanded by a fraction unity value. 
The expression is then decomposed as follows: 

1 2
1( ) ( ) k

PLL
k k

s e s
s s

ωψ ψ ψ ψ
ω ω

= + = +
+ +

   (26) 

The result is the equivalent of the pure integral of e  on 

the condition that PLLψ ψ= . 1ψ  is obtained by the most 
common method, namely, the first-order LPF method. This 
method is the traditional pure integration algorithm 
essentially cascaded with an HPF. Thus, the higher the input 
frequency (or the lower the cutoff frequency), the greater the 

1ψ . 2ψ  is obtained by the flux estimator based on PLL 
cascaded with an LPF. Thus, the higher the input frequency 
(or the lower the cutoff frequency), the smaller the 2ψ . 

The structure of pure integration is simple, and the 
estimating result is accurate at high speed. Furthermore, the 
flux estimator based on PLL has good performance at steady 
state but dynamic errors at transient conditions. Therefore, the 
proportion of 1ψ  should be as large as possible at transient 

conditions by reducing kω , which improves the accuracy of 
dynamic flux estimation. Considering the dynamic integration 
error problem, kω  is usually greater than zero. To eliminate 

errors caused by the DC drift and the disturbance, kω  is 
equal to the synchronous frequency of the machine at steady 
state. 

C. Implementation of the Programmable LPF 
The continuous-time transfer function of the programmable 

LPF can be converted to discrete-time form by the Euler 
method [21]: 

11

s

zs
T

−−
=                   (27) 

where sT  is the sampling period of the discrete system. 
Combining Eqs. (26) and (27) result in the following 

discrete-time transfer function of the programmable LPF: 

1 1( ) ( )
1 1

s k s
PLL

k s k s

T Tz e z
z T z T

ωψ ψ
ω ω− −= +

− + − +
 (28) 

D. Obtaining Programmable Frequency kω  

In terms of improving dynamic performance, the proposed 
algorithm is mainly dependent on the programmable 
frequency, which is changed based on the base cutoff 
frequency. The base cutoff frequency can be calculated by 

2kb

e eb α α bψ ψ
ω

ψ

−
=               (29) 

The dynamic factor d  and the programmable frequency 

kω′  are given as follows: 

1 2 3

1 2 3

( ) ( ) ( )( )
1

e r

i

i s i s s sd s
s

τ τ τ ω
τ τ τ τ
+ +

=
+ + +

       (30) 

  

min

0
min min max

max min

0 max

( )

kb

k kb
k

k

d d

d d d d d
d d

d d

ω
ω ωω

ω

 ≤


−′ = − < <
−

 ≥

  (31) 

where 1τ , 2τ , 3τ , and iτ  are the time constants; 0kω  is 

the minimum frequency; and mind  and maxd  are the 
threshold of the dynamic factor. 

To reduce the disturbances, the programmable frequency 

kω  is obtained by filtering kω′  with a first-order LPF, and 

the cutoff frequency of the LPF is dω . 

E. Effects of Parameter Variation 

Parameter variation of the synchronous machine is caused 
by the various operating conditions, such as ambient 
temperature and flux level. The robustness to the parameter 
variation is requisite for practical estimation in the flux 
estimator. For the presented method, the results of Eq. (22), 
flux estimator based on PLL, and Eq. (26) are essentially 
derived by integrating the back EMF. 

From Eq. (22), the actual flux is as follows: 
u Ri L i

s sψ −
= −               (32) 

The flux with parameter errors is as follows: 
ˆ ˆˆ u Ri L i

s sψ −
= −              (33) 

If ˆ 1.5R R= , the flux error is as follows: 
0.5ˆ Ri

j
ψ ψ ψ

ω
−

∆ = − =            (34) 

The estimated flux error caused by the parameter (R) 
uncertainties is shown in Fig. 5. In the figure, both the stator 
current and the rated flux are 1 pu. 

Moreover, as the synchronous speed increases, estimated 
flux error decreases because the magnitude of back EMF 
increases and the flux error is proportional to the stator 
current. 

If ˆ 1.5L Lσ σ= , then the flux error is as follows: 

ˆ 0.5L iσψ ψ ψ∆ = − = −            (35) 
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Fig. 5. Magnitude errors of the flux estimator. 
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Fig. 6. Influence of estimated flux angle on the maximum output 
torque. 
 

In Eq. (35), no relationship is found between the flux error 
and the synchronous speed. However, the flux error is 
proportional to the stator current. 

At steady state, the flux magnitude and synchronous 
frequency are determined by the flux estimator based on PLL. 
Given that the parameters change gradually and affect both 
eα  and eβ , the parameter variation will not cause the 

change in synchronous frequency. From Eq. (4) and 0me = , 
the flux error is as follows: 

ˆˆ 1 ( ) ˆ( )t te e R R i L L i
j j σ σψ

ω ω
− −′∆ = = − − −      (36) 

Eq. (36) is consistent with Eqs. (34) and (35). 

F. Effects on Control Results 

The flux estimator has an effect on the controllers and 
regulators because flux accuracy affects the decoupling effect 
of the system. Assuming the actual value of the flux angle is 
θ  and the angle containing the error is θ̂ , Fig. 6 shows the 
influence of estimated flux angle on the maximum output 
torque. The circle represents the maximum stator current. The 
area of rectangular 0ABC represents the maximum torque 
generated by the maximum current when the flux is estimated 
correctly. If an error is found in the estimated angle such as 
θ̂ , then the area of the quadrilateral (represents the torque), 
0ADE, is smaller than 0ABC. The smaller the area, the 
smaller the torque. 

TABLE I 
MOTOR SPECIFICATIONS 

Rated power 
Stator voltage 
Stator current 
Frequency 
Rotor speed 
Phase 
Rotor current 
Stator resistance 
Leakage reactance of stator 
Resistance of excitation winding  
Main leakage reactance to d-direction 
Main leakage reactance to q-direction 
Sampling Period for Vector Control 
Sampling Period for Phase Control 

1600000W 
2× 960 V 
2× 517.3 A 
7.167 Hz 
43 rpm 
2× 3 
289.6 A 
0.0539 pu 
0.1638 pu 
0.01486 pu 
1.806 pu 
1.009 pu 
0.00167s 
0.00033s 

 
The torque needed for the acceleration of the rotating body 

is as follows: 

( )d L r
dT T J
dt

ω− =              (37) 

where dT  is the torque provided by the machine, LT  is the 

torque of the load, J  is the moment of inertia, and rω  is 
the rotor speed. 

In Eq. (37), if the machine cannot provide enough torque, 
then the machine will not reach the required speed.  

 

IV. SIMULATION RESULTS 
To evaluate the performance of the proposed scheme, a 

simulation model is established using Matlab/Simulink. The 
main motor parameters are shown in Table I. The armature of 
the synchronous motor, originally with a conventional 
three-phase single-star arrangement, is rewound to obtain two 
30 electrical degrees spatially shifted three-phase star 
windings. The synchronous motor is fed by a cycloconverter, 
which works in a non-circulating current mode. The dead time 
is 0.002 s. 

A. Performance of the Back EMF Filter 
To test the back EMF filter, a 0.5 V DC voltage was added 

to the alpha axis of the EMF at 4ths in a step fashion. The DC 
drifts cause the fluctuation of the flux magnitude [Fig. 7(a)], 
which is consistent with the analysis in Section II. With the 
back EMF filter, the fluctuation amplitude gradually decays. 
The filter causes a 0.0005 s delay [Figs. 7(b) and 7(c)]. This 
phenomenon is the main drawback of the scheme. 
Fortunately, the delay can be reduced by a compensator. 

B. Performance at Transient Conditions 
To verify the proposed flux estimator at transient conditions, 

simulations with the step changes of rotor current, stator 
current, and speed were conducted. 

To test the behavior of the proposed flux estimator when the 
rotor current changes, the rotor flux-oriented vector control is 
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Fig. 7. Step change of the DC drift. (a) Flux magnitude. (b) Flux 
angle. (c) Flux angle with time zoom. 

 
used in the system. Figs. 8(b) and 8(c) illustrate the transient 
response of the flux at no load for step reference rotor current 
change from 0.555 pu to 0.655 pu, and then back to 0.555 pu. 
For synchronous motors, the stator current is almost zero at 
no load. Thus, the flux change is largely determined by the 
change of the rotor current. The flux magnitude of the 
PLL-based algorithm has a significant error when the rotor 
current changes and the error of the proposed algorithm is 
small [Fig. 8(b)]. Both estimation algorithms can accurately 
estimate the flux angle when the rotor current changes, 
because the deviation between the flux angle and the rotor 
position angle is determined by the load current, which is 
almost zero for this simulation. 

To test the behavior of the proposed flux estimator when the 
stator current changes, the gap flux -oriented vector control is 
used to in the system. In addition, the rotor current also follows 
the stator currents. Fig. 9 shows the transient responses at 31.4 
rad/s for step variation of the load torque from 0 pu to 1 pu, and 
then back to 0 pu. Errors are found between the actual flux 
magnitude and the magnitude estimated by the PLL-based 
algorithm ([Fig. 9(b)]). However, the errors of the proposed 
algorithm are small. The zoomed angle in Fig. 9(d) illustrates 
that the angle errors of the PLL-based algorithm are much 
larger than those of the proposed algorithm. Moreover, the 
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Fig. 8. Step change of the rotor current. (a) Rotor current. (b) Flux 
magnitude. (c) Flux angle. 

 
waveforms of the proposed algorithm are smoother than the 
actual value. This result is because of the role of the back EMF 
filter. 

Fig. 10 illustrates the transient behavior at no load for 
reference speed change from 0.4 pu to 0.3 pu, and then back 
to 0.4 pu. The speed, stator currents, and rotor current all 
change at transient conditions. Flux magnitude of the 
PLL-based algorithm has a significant error when the speed 
changes, and the proposed algorithm has only small errors 
[Fig. 10(b)]. The zoomed angle in Fig. 10(d) illustrates that the 
angle errors of the PLL-based algorithm are much larger than 
the proposed algorithm. The largest estimation errors of the 
proposed algorithm occurred at the mid-transition process of 
the flux. This phenomenon is due to the dynamic state process 
of the speed and currents have basically ended and the flux is 
mainly obtained by the PLL part, but this part still has errors. 

 

V. EXPERIMENTAL RESULTS 
The synchronous motor drive with a flux estimator based on 

the proposed algorithm is implemented in an industrial 
prototype. All the experimental results in this paper are 
obtained through this industrial prototype. The parameters of 
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Fig. 9. Step change of the torque. (a) Torque. (b) Flux magnitude. 
(c) Flux angle. (d) Flux angle with time zoom. 
 
the double-star electrical excitation motor used in the 
experiments are shown in Table I. Fig. 11 shows the digital 
controller of the industrial prototype. The architecture of 
multi-CPU and VersaModule Europe bus are used to control 
the system. The controller includes a CPU board, a digital in/out 
board, a digital-to-analog (DA) board, a Profibus board, and six 
phase control boards. Speed control, flux control, excitation 
current control, and vector control are implemented in the CPU 
board. The phase control boards are used to control the 
alternating stator current of each phase. Each phase control 
board is responsible for the discontinuous current compensation, 
the switching logic of the non-circulating current mode, and 
pulse firing. To observe the internal variables conveniently, 
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Fig. 10. Step change of the speed. (a) Speed. (b) Flux magnitude. 
(c) Flux angle. (d) Flux angle with time zoom. 
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Fig. 11. Digital Controller. 
 
real-time displays of the estimator outputs are implemented by 
DA, and the output frequency is 1 kHz. Fig. 12 shows the 
images of the industrial prototype used in the experiment. The 
stator currents of the machine are measured by CHB-1000S,   
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(a)                                (b)               (c)               (d) 

 
(e) 

Fig. 12. Images of the industrial prototype. (a) Control and power cabinet. (b) Control cabinet. (c) Power cabinet. (d) Excitation cabinet. (e) 
Synchronous motor. 
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Fig. 13. Block diagram of the industrial prototype. 
 
and its stator voltages are measured by LV100. Fig. 13 shows 
the block diagram of the industrial prototype, which is a 
cycloconverter-fed double-star synchronous motor vector 
control system. 

To test the behavior of the proposed back EMF filter, the 
rotor flux-oriented vector control is used in the system. 

Fig. 14 illustrates the transient behavior at no load for step 
reference rotor current change from 0.56 pu to 0.4 pu, and then 

back to 0.56 pu. Compared with the waveforms of rotor 
current ei and the flux ψ  without the back EMF filters 
shown in Fig. 14(a), Fig. 14(b) shows waveforms that use the 
back EMF filters. From the figure, the fluctuations of the flux 
magnitude are significantly reduced by the filters, and the 
filters have minor effect on the dynamic response of the flux. 
  Figs. 15 and 16 show the experimental performance of the 
various flux estimators for the equally demanding conditions 
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(b) 

Fig. 14. Experimental result with step change of the rotor current. 
(a) Without the back EMF filter. (b) With the back EMF filter. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 15. Experiment results with the flux estimator based on PLL. 
(a) Speed. (b) Stator current of one phase. (c) Flux and rotor 
current. 

 
(a) 

 
(b) 

 
(c) 

Fig.16. Experiment results with the proposed flux estimator. (a) 
Speed. (b) Stator current of one phase. (c) Flux and rotor current. 
 
of the reference speed ( *ω ) change from 0% to 100%, and 
then back to 0% at constant 100% torque. Furthermore, the 
maximum torque is limited to ±135%. In the final stage of the 
acceleration, the power demand is at the maximum, and the 
speed error of the PLL-based algorithm is greater than that of 
the proposed algorithm [Figs. 15(a) and 16(a)]. The stator and 
rotor currents of the system based on proposed flux estimator 
are smaller than the system based on the PLL flux estimator in 
the final stage of the acceleration [Figs 15(b), 16(b), 15(c), and 
16(c)]. From the analysis of Section III part F and Figs. 15(b) 
and 16(b), the more accurate the angle, the greater the torque 
at the same current level. The proposed algorithm uses less 
current and reaches better control effect than the PLL-based 
algorithm. This result is enough to prove that the flux 
obtained by the proposed algorithm is more accurate than that 
obtained by the PLL-based algorithm. 

The flux magnitude reduces as the stator current increases 
[(Figs. 15(b) and 15(c)]. Therefore, the estimated flux is 
inaccurate and affects the decoupling effect of the current  
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(a) 

 
(b) 

 
(c) 

Fig.17. Extended experiment results with the proposed method. (a) 
Speed and torque current. (b) Stator voltage and current of one 
phase. (c) Speed and stator voltage of one phase. 

 
controller at transient conditions. 

Fig. 17 shows the extended experiment results with the 
proposed flux estimator. The only difference is that the brake 
release time of Fig. 17 is earlier than that of Fig. 16. The 
voltage and current phase are coherent, indicating that reactive 
current (flux component) is small [Fig. 17(b)]. The voltage is 
proportional to the speed, indicating that the magnitude of the 
flux changes slightly [Fig. 17(c)]. 
 

VI. CONCLUSIONS 
This paper investigates the DC drift problem and dynamic 

errors of the gap flux estimation for DC-excited synchronous 
machines. The DC drift causes fluctuations of the flux based 
on analytical and experimental analyses. The back EMF filter 
based on generalized integrator is used to solve this problem. 
The fluctuations are greatly reduced by this approach. The 
results of the PLL-based estimator are inaccurate and it affects 
the decoupling effect of the current controller at transient 

conditions. Programmable LPFs are employed to improve the 
dynamic performance of the flux estimator. Compared with 
the PLL-based flux estimator, the proposed algorithm can 
estimate the flux more accurately at transient conditions, 
where the stator current and the rotor current required for the 
system are smaller under the same conditions. 
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