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An Integration Algorithm for Stator Flux Estimation
of a Direct-Torque-Controlled Electrical Excitation

Flux-Switching Generator
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Abstract—This paper presents an integration algorithm for sta-
tor flux estimation of direct torque control (DTC). This algorithm
only contains a fifth-order low-pass filter (LPF), a high-pass (HP)
filter, and a simple logical calculation part, where the fifth-order
LPF and the HP filter can effectively filter out HF harmonics and
the dc drift in the back EMF, respectively. The α- and β-axis back
EMFs passing through the two filters will obtain β-axis stator flux
linkage and opposite polarity α-axis stator flux linkage, respec-
tively, and then by the logical calculation part can finally achieve
α- and β-axis stator flux linkages. At any synchronous angular fre-
quency, the amplitude- and phase-frequency characteristics of this
algorithm are same as those of the pure integrator, and meanwhile
its dc gain is zero. The proposed algorithm with high estimation ac-
curacy behaves well in both steady state and dynamic performance
when used in a DTC-based electrical excitation flux-switching gen-
erator dc power system, which is verified by experimental results.

Index Terms—Direct torque control (DTC), electrical excitation
flux-switching (EEFS) generator, integration algorithm, stator flux
estimation.

I. INTRODUCTION

IN most high-performance brushless ac (BLAC) machine
drives including those based on direct torque control (DTC)

and field-oriented control, one of the critical tasks is stator
flux estimation [1]–[4]. The estimation accuracy of the stator
flux will affect not only the stability and quality of the control
schemes, but also steady state and dynamic performance of the
system [5].

The voltage model is a convenient stator flux estimator due
to its simplicity. However, it is well known that pure integrators
suffer from two major problems [6], [7].

1) DC drift because a dc component is always present in
the signal to be processed, thus, leading the integrator to
saturation.
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2) Initial conditions, which lead to the appearance of a dc
drift at the output of the integrator, which actually does
not exist.

Attempts have been made to modify the pure integrator by
implementing it applying a low-pass filter (LPF) [8], [9]. LPF
will produce errors in magnitude and phase angle especially if
the excitation frequency is lower than the cutoff frequency of
the LPF [10]. Several improved estimation methods have been
investigated [7], [11]–[13]. In [7], a feedback block is added
after the LPF and transformation parts between Cartesian to
polar coordinates are introduced, which can improve the esti-
mation performance. The proposed method used an adaptive
control system, which was based on the fact that the back EMF
is orthogonal to the stator flux. The compensator is adapted for
this condition. Cirrincione et al. [11] propose an adaptive notch
filter for the elimination of the dc component in the integration
of signals used for the flux estimation in high-performance ac
drives. This integration method is composed of two identical
adaptive noise cancellers using a linear neural network with just
one bias weight. In [12], a pure integrator is employed for sta-
tor flux estimation, which permits high-estimation bandwidth.
Compensation of the drift components is done by offset iden-
tification. The nonlinear voltage distortions are corrected by a
self-adjusting inverter model. In [13], the time-variable dc off-
set voltage is estimated from the flux drift in a parallel stator
model and used to eliminate the offset by feedforward control.
Residual HF disturbances are compensated by feedback flux
amplitude control.

In order to improve flux estimation accuracy and reduce sys-
tem complexity, a simple integration algorithm for stator flux
estimation is proposed in this paper. This algorithm consists of a
fifth-order LPF, a high-pass (HP) filter, and a logical calculation
part, which can effectively solve the problems the pure integra-
tor generated and will not bring errors both in magnitude and
phase angle. Furthermore, the dc gain of this method is zero,
thus, dc offset errors will be eliminated completely. The pro-
posed algorithm is applied in a DTC-based electrical excitation
flux-switching (EEFS) generator dc power system. As a novel
blushless ac machine, the EEFS machine exhibits advantages
including double salient structure, bipolar and sinusoidal flux
linkage, and good flux regulation capability, and thus is suitable
for use as a generator in dc power systems.

This paper is organized as follows. The electromagnetic
performance of the EEFS machine and its DTC scheme are
described in Section II. Section III describes and discusses
the proposed algorithm. The performance of the proposed
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Fig. 1. 12/10-pole EEFS machine. (a) Topology. (b) Operation principle
(brushless ac mode).

algorithm is investigated by simulation in Section IV. Section V
presents the experimental results, and finally, conclusions are
given in Section VI.

II. DTC OF EEFS GENERATOR DC POWER SYSTEM

A. Electromagnetic Performance

Fig. 1 shows the topologies and operation principles of the
EEFS machines. The open-circuit field distributions for the
12/10 stator/rotor pole EEFS machine at different rotor posi-
tions are shown in Fig. 2. As shown in Fig. 2(a) and (c), max-
imum flux linkages are produced when the left or right tooth
of a stator pole is approximately aligned with the rotor pole,
respectively [14], [15].

In addition, as can be seen from Fig. 2(b) and (d), zero flux
linkage results since the rotor, either pole or slot, is symmetric
with respect to the stator pole. The flux linkage of phase A
reverses when the rotor rotates from Fig. 2(a)–(c). The bipolar
flux linkage and back EMF waveforms are induced, as seen in
Fig. 2(e).

As can be seen, the EEFS machine not only remains the simple
and robust structure, and further, the stator flux linkage and back
EMF exhibit high sinusoidal waveforms, which indicate that the
EEFS machine is suitable for BLAC operation.

B. DTC Scheme

In the EEFS generator system, the mechanical power equals
to the electromagnetic power (the loss is ignored), viz.,

Teωr = udcidc (1)

where Te is the electromagnetic torque of the EEFS generator
and ωr is the mechanical angular speed. As can be seen, the
balance between the mechanical power and the electromagnetic
power is the sufficient condition for obtaining constant udc ,
and under load step change or speed varying conditions, in
order to keep udc constant, Te must be regulated according
to the voltage error. The basic idea of the DTC is to choose
the best vector of the voltage that makes the flux rotate and
produces the desired torque, which will reach rapid control of
torque [16]–[20]. Hence, the estimation of the stator flux linkage
is essential for the DTC scheme.

Fig. 3 shows the DTC scheme of the EEFS generator, where
the output of voltage proportional–integral controller is defined

Fig. 2. Open-circuit field distributions and typical phase flux-linkage wave-
form of the 12/10 stator/rotor pole EEFS machine. (a) Negative maximum flux
linkage of phase A, negative d-axis rotor position. (b) Zero flux linkage of phase
A, q-axis rotor position. (c) Positive maximum flux linkage of phase A, d-axis
rotor position. (d) Zero flux linkage of coil A1, negative q-axis rotor position.
(e) Typical flux-linkage waveform of phase A.

Fig. 3. DTC scheme of the EEFS generator dc power.

as the given electromagnetic torque T ∗
e . Besides, stator flux-

linkage sectors and selection of vectors are shown in Fig. 4 and
Table I, respectively.
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Fig. 4. Stator flux-linkage sectors.

TABLE I
SWITCH TABLE FOR THE DTC SCHEME

III. INTEGRATION ALGORITHM FOR STATOR FLUX ESTIMATION

As mentioned previously, both the pure integrator and the LPF
have application problems when they are used for flux estimation
[6], [7]. Therefore, in order to obtain ψsα and ψsβ without errors
in phase angle and magnitude, series filters, which can produce
the required lag phase angle, are needed and deduced as follows.

The α- and β-axis stator flux linkages (ψsα and ψsβ ) are
lag 90◦ behind the α- and β-axis back EMFs (−eα and −eβ ),
respectively, which can be consider as ψsβ is lag 180◦ behind
−eα and ψsα is lag 180◦ behind −eβ .

An LPF (
√

2ωe/s + ωe ) is applied primarily, when ωe =
ω1(ω1 is the synchronous angular frequency of the machine),
the produced lag phase angle is 45◦, hence, at least four√

2ωe/s + ωe components are required to reach 180◦, i.e.,
(√

2ω1/s + ω1
)4

(1/ω1) is required, where 1/ω1 means that
the magnitude of the stator flux linkage is 1/ω1 of that of the

back EMF. However, the dc gain of
(√

2ω1/s + ω1
)4

(1/ω1) is
not zero; thus, a

√
2s/s + ω1 part is needed and a

√
2ω1/s + ω1

part is also required to compensate the forward phase angle pro-
duced by

√
2s/s + ω1 part. Therefore, the following series filter

can be obtained:
( √

2ω1

s + ω1

)5 √
2s

s + ω1

1
ω1

=
4
√

2ω4
1

s5 +5ω1s4 +10ω2
1s3 +10ω3

1s2 +5ω4
1s+ω5

1

√
2s

s + ω1
. (2)

Hence, an integration algorithm based on the fifth-order LPF is
proposed, as shown in Fig. 5. This algorithm contains a fifth-
order LPF, an HP filter, and a logical calculation part.

In Fig. 5, at ω1 , the amplitude- and phase-frequency char-
acteristics as well as the dc gain of the fifth-order LPF are as
follows:

HLP (jω1) =
1
ω1

(3)

Fig. 5. Block diagram of the integration algorithm.

� HLP (jω1) = −225◦ (4)

HLP (j0) =
4
√

2
ω1

. (5)

The α- and β-axis back EMFs are expressed as follows:

−eα = E cos(ω1t + δ) + Udα (6)

−eβ = E cos(ω1t + δ − 90◦) + Udβ (7)

where Udα , Udβ are the dc offset components.
Then, the outputs of the fifth-order LPF can be yield by:

ψ1 =
E

ω1
cos(ω1t + δ − 225◦) +

4
√

2
ω1

Udα (8)

ψ2 =
E

ω1
cos(ω1t + δ − 315◦) +

4
√

2
ω1

Udβ . (9)

The amplitude- and phase-frequency characteristics as well
as the dc gain of the HP filter are as follows:

HHP (jω1) = 1 (10)

� HHP (jω1) = 45◦ (11)

HHP (j0) = 0. (12)

Hence, the outputs of the HP filter can be expressed as follows:

ψ3 =
E

ω1
cos(ω1t + δ − 180◦) = ψsβ (13)

ψ4 =
E

ω1
cos(ω1t + δ − 270◦)

=
E

ω1
cos(ω1t + δ − 90◦ − 180◦)

= − E

ω1
cos(ω1t + δ − 90◦) = −ψsα (14)

where ψsα and ψsβ are the α- and β-axis stator flux linkages,
respectively.

Therefore, ψsα and ψsβ can be obtained by the logical calcu-
lation part as follows:

ψsα = 0 − ψ4 (15)

ψsβ = 0 + ψ3 . (16)

According to (2)–(16), Fig. 5 can be simplified to Fig. 6.
In Fig. 5, the HP filter in combination with the LPF can cancel

the dc drift. At t = 0, if a dc drift (Ud∗1(t)) acts on the series
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Fig. 6. Simplified block diagram of the integration algorithm.

Fig. 7. Block diagram of the integration algorithm based on third-order LPF.

filter, according to the final value theorem, the final value of the
output is as follows:

lim
t→∞

h(t) = lim
s→0

sH(s) = lim
s→0

s
Ud

s

(√
2ω1

s + ω1

)5
1
ω1

√
2s

s + ω1
= 0.

(17)
As can be seen, dc offsets in the back EMF can be completely
filtered out by the HP filter.

Besides, another integration algorithm based on third-order
LPF can also be obtained, as shown in Fig. 7.

Compared with the algorithm in Fig. 5, the algorithm in Fig. 7
is simpler and has a lower computer load.

However, when the machine operates at ω1 , for high harmon-
ics (ωn = nω1), the amplitude-frequency characteristics of the
fifth-order LPF in Fig. 5, the third-order LPF in Fig. 7, and the
pure integrator are as follows:

H5 (jωn ) =
4
√

2

(n2 + 1)5/2 ω1
(18)

H3 (jωn ) =
2
√

2

(n2 + 1)3/2 ω1
(19)

H (jωn ) =
1

nω1
(20)

when n ≥ 2, H5 (jωn ) < H3 (jωn ) < H (jωn ).
Due to pulsewidth modulation control and measurement

noises, there is a large amount of harmonics in the back EMF,
and the algorithm in Fig. 5 behaves better in filtering out the
harmonics.

Furthermore, Table II compares the characteristics of the pro-
posed algorithm, the pure integrator, and the LPF.

From Table II and the previous analysis, the advantages of the
proposed integration algorithm can be concluded as follows.

TABLE II
COMPARISON OF THE PROPOSED ALGORITHM, THE PURE

INTEGRATOR, AND THE LPF

Fig. 8. Comparison of the pure integrator, the LPF, and the proposed algo-
rithm: responses to the input EMF signal with an initial phase angle.

1) The dc gain of the pure integrator is ∞ while that of
the proposed algorithm is 0, which indicates that the dc
drift problem associated with the pure integrator can be
completely avoided by the proposed algorithm.

2) The amplitude- and phase-frequency characteristics of this
proposed integration algorithm are same as those of the
pure integrator at any synchronous angular frequency.

3) The fifth-order LPF in the proposed integration algorithm
can effectively filter out HF harmonics in the back EMF.

The proposed integration algorithm is suitable for use in high-
performance motor drives. The DTC scheme for EEFS generator
dc power system is such a case that stator flux linkage has to be
estimated with a high accuracy.

IV. SIMULATION

The performance of the proposed integration algorithm for
stator flux estimation is investigated by MATLAB/Simulink.

Fig. 8 shows the stator back EMF at initial phase angle of
90◦ and the estimated flux linkages using the pure integrator,
the LPF, and the proposed integration algorithm, respectively.
As can be seen, a constant dc offset appears at the output of the
integrator due to the initial value problem, the LPF produces
errors both in phase angle and in magnitude, and the output
of the proposed algorithm is coincident with the actual motor
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Fig. 9. Comparison of the pure integrator, the LPF, and the proposed algo-
rithm: responses to the input EMF signal with a dc bias.

Fig. 10. Comparison of the pure integrator, the LPF, and the proposed algo-
rithm: responses to a step change of the input EMF.

flux linkage, which demonstrate that the initial value problem is
completely avoided by the proposed algorithm.

To investigate the dc drift problem, a dc bias is superimposed
to sinusoidal back EMF inputs. Fig. 9 shows the estimated flux
linkages using the three methods, respectively. It can be ob-
served that the flux linkage estimated by the pure integrator
has a slope bias and will finally be driven into saturation, and
that by the LPF has phase angle and magnitude errors, whereas
that by the proposed integration algorithm has no errors in the
magnitude and phase angle and, the dc bias can be completely
eliminated.

Fig. 10 shows the estimated flux linkages using the three
methods to a step change in the back EMF. As can be seen, the
pure integrator has undesired dc offsets all the time and the LPF
brings phase angle and magnitude errors, whereas there is no dc
offset in the flux-linkage waveform of the proposed algorithm.

Fig. 11. Prototype machine.

TABLE III
MACHINE DIMENSIONS AND PARAMETERS

V. EXPERIMENTAL RESULTS

To verify the proposed integration algorithm for stator flux
estimation, the DTC scheme using the proposed algorithm is
implemented on an EEFS generator dc power system and exper-
imental tests have been carried out. Fig. 11 shows the prototype
machine and the machine dimensions and parameters are shown
in Table III.

The phase currents ia , ib , ic are acquired by current sensors
LA28-NP and phase voltages ua , ub , uc are acquired as follows
[10]:

ua =
udc

3
(2DA − DB − DC )

ub =
udc

3
(2DB − DA − DC )

uc =
udc

3
(2DC − DA − DB ) (21)

where DA , DB , and DC are the duty ratios of leg A, leg B, and
leg C, respectively, and the dc bus voltage udc is acquired by a
voltage sensor LV28-P.
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Fig. 12. Estimation of the generator synchronous angular frequency ω1 .

Fig. 13. Estimated ω1 and the measured ω∗
1 . (a) ωc = 50 rad/s; k = 2. (b)

ωc = 5 rad/s; k = 4.

The synchronous angular frequency ω1 is estimated through
a k-order LPF, an arcsine part, and a differential operation part,
as shown in Fig. 12.

At 3000 r/min (ω1 = 3140 rad/s), Fig. 13 shows the estimated
synchronous angular frequency ω1 using the method in Fig. 12
and the measured synchronous angular frequency ω∗

1 by a speed
sensor (NOC-S5000-2MD). In Fig. 13(a), the peak value of
estimated errors (ω1 − ω∗

1) is 102 rad/s, while in Fig. 13(b), it
is 53 rad/s. It can be found that smaller ωc and higher k can
improve the estimation accuracy of ω1 .

The estimated stator flux linkages using the integration algo-
rithm are shown in Fig. 14, where ψα(1) is the estimated stator

Fig. 14. Estimated stator flux linkages.

Fig. 15. Estimated stator flux linkages using the proposed integration algo-
rithm and the pure integrator: (a) at 3000 r/min (b) at 120 r/min.

flux linkage based on the estimated synchronous angular fre-
quency ω1 , and ψα(2) is that based on the measured one ω∗

1 . The
peak value of ψα(1) − ψα(2) is 0.0006 Wb, which is only 2.4%
of the stator flux-linkage magnitude. It can be found that ω1 of
high accuracy can guarantee the correctness of the integration
process in terms of both amplitude and phase.

A. Steady-State Performance

At the rated speed, Fig. 15(a) shows the estimated stator flux
linkages using the pure integrator and the proposed integration
algorithm, respectively. The results at 120 r/min are also given,
as shown in Fig. 15(b). It can be observed that the output of the
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Fig. 16. Estimated stator flux linkages using the proposed integration algo-
rithm and the LPF: (a) at 3000 r/min (b) at 150 r/min.

pure integrator diverges, whereas that of the proposed algorithm
is a stable sine wave with no dc offset.

Fig. 16(a) shows the estimated stator flux linkages using
the LPF and the proposed integration algorithm, respectively.
Fig. 16(b) gives the results at 150 r/min. It can be found that the
output of the LPF has magnitude reduction and phase lag.

Fig. 17 shows the output voltage and the electromagnetic
torque of the DTC scheme at 50% of the rated load and the
rated load, respectively. It can be seen that under different load
conditions, the high-accuracy stator flux linkage estimated by
the proposed algorithm can always maintain the output voltage
stable.

From the previous analysis, it can be found that under differ-
ent speed or load conditions, the proposed algorithm can well
estimated the stator flux linkage, and thus improve the system
performance.

Figs. 18 and 19 show the stator flux linkages and output
voltage at 85 and 170 r/min, respectively.

Fig. 20 shows the stator flux linkage and output voltage when
the speed varies slowly from 85 to 170 r/min (the reversing time
is 16 s).

Based on previous results, it can be found that the integration
algorithm behaves well at the low-speed region under loaded
machine, which can guarantee the output voltage stable.

B. Dynamic Performance

Fig. 21 gives experimental results when 40% of the rated load
is suddenly removed and applied. When 40% of the rated load is

Fig. 17. Output voltage and torque at: (a) 50% of the rated load (b) the rated
load.

Fig. 18. Stator flux linkages and output voltage at 85 r/min (Te = 15 N·m).

Fig. 19. Stator flux linkages and output voltage at 170 r/min (Te = 15 N·m).
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Fig. 20. Output voltage when the speed varies from 85 to 170 r/min.

Fig. 21. Results of load step changes: (a) 40% of the rated load is suddenly
removed and applied; (b) blow up of (a) when the load is suddenly removed;
(c) blow up of (a) when the load is suddenly applied.

Fig. 22. Output voltage when the speed varies from 1100 to 3000 r/min.

Fig. 23. Output voltage and stator flux linkages at 6000 r/min.

suddenly removed, the voltage recovery time is only 23 ms, as
shown in Fig. 21(b). The recovery time when the load is applied
is only 22 ms, as shown in Fig. 21(c). It can be found that the
estimated stator flux linkage using the proposed algorithm can
make accurate selection of voltage vectors to rapidly change the
torque and thus achieve high system dynamic performance.

Fig. 22 gives experimental results when the speed varies from
1100 to 3000 r/min. It can be seen that under speed change
condition, the stator flux linkage estimated by the proposed
algorithm can guarantee output voltage stable.

C. Flux Weakening Region

Fig. 23 gives the output voltage and stator flux linkages at
6000 r/min. Fig. 24(a) and (b) gives stator flux-linkage vector
trajectory in the constant torque region (at 3000 r/min) and the
flux weakening region (at 6000 r/min), respectively. It can be
seen that at 6000 r/min, the magnitude of stator flux linkage is
0.248 Wb, which is 50% of the rated value.

Fig. 25 gives experimental results when the speed varies from
3000 to 6000 r/min. It can be seen that when the speed changes,
the estimated stator flux-linkage magnitude can rapidly response
to the change of the reference value, which can guarantee the
output voltage stable in wide speed range.
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Fig. 24. Stator flux-linkage vector trajectory: (a) at 3000 r/min (b) at
6000 r/min.

Fig. 25. Output voltage when the speed varies from 3000 to 6000 r/min.

VI. CONCLUSION

An integration algorithm for stator flux estimation, which
consists of a fifth-order filter, an HP filter, and a logical calcula-
tion part, is investigated for the DTC scheme of EEFS generator.
The combination of the three parts in this algorithm can not only
effectively solve the problems associated with the LPF, but also
achieve same amplitude- and phase-frequency characteristics
as those of the pure integrator at any synchronous angular fre-
quency, and meanwhile the dc gain is zero.

The DTC using the proposed algorithm for EEFS genera-
tor dc power system is implemented. The experimental results
demonstrate that the proposed integration algorithm exhibits

good estimation capability in both steady state and dynamic
conditions, and thus improves the system quality.

Furthermore, this simple and practical integration algorithm is
also suitable for other high-performance BLac machine drives,
such as stator flux field-oriented control and DTC of induction
machines and flux-switching permanent magnet machines.
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