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ABSTRACT Offshore wind power generation system’s reliability is always a challenging task. To solve
the current sensor offset fault problem in the electric powertrain for the offshore wind power generation
system, in this paper, a current-detection based sensor offset fault diagnosis method is proposed. The
proposed method adopts four fixed measuring points for the estimation of the offset values, which does
not require any modifications to the traditional PWM generating strategy. Therefore, the total harmonic
distortion (THD) of the drive is not increased by using the proposed offset fault estimation method. The
offset fault parameters of the powertrain system are obtained by analyzing the detected current sensors in
the aforementioned four sampling points directly. No complex observers nor filters are needed for the signal
processing, resulting in computational burden reduction. Experimental results on a 1 kW PMSG system
demonstrated the effectiveness of the proposed strategy, which show that the current sensor offset faults can
be estimated accurately, and the adverse effects can be eliminated.

INDEX TERMS Current sensor, offset fault, permanent magnet synchronous generator.

I. INTRODUCTION
As a renewable energy source, wind energy has reached
550 GW of cumulative installed power in the world so far and
contributes much of the total generation capacity, however,
of which only about 20 GW of production share comes from
offshore farms [1], [2]. In addition, as a promising topology
for offshore wind energy, direct-driven permanent magnet
synchronous generators (PMSGs) has been well developed
in the past ten years owing to the advantages of gearbox-
free structure [2]. PMSGs are extensively used in indus-
trial and household areas because of their higher efficiency,
higher power density and better performance compared with
induction machines [3]–[7]. To realize the advantages of
PMSG drives, the closed-loop control technique is necessary.
To achieve this goal, different types of sensors are installed in
the drive, such as the rotor position sensor, the voltage sensor,
and several current sensors. The faults of any sensor will have
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a serious impact on the system, and can even lead to system
shutdown.

Usually, a three-phase PMSG drive are equipped with one
DC link and three-phase current sensors [8]–[10]. The offset
faults of the phase-current sensors will degrade the system
performance and even lead to system shutdown [11]–[21].
To be specific, the offset faults of the phase current sensors
will introduce torque ripples with the fundamental operation
frequency, which might a significant increase in harmful
vibration of the system and thus eventually affecting the oper-
ating lifespan period. Therefore, it is necessary to diagnose
and estimate the offset faults of current sensors.

To solve the related technical problem, researchers have
presented many different solutions. In [2], the low-voltage
ride-through problem during grid faults are investigated
including the overvoltage suppression and the design of active
power limitation.

Among all current sensor offset fault estimation meth-
ods, the observer based schemes and the system variable
analysis based scheme are the more mainstream strategies.
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Literature [11] proposed a torque ripple decline strategy
to eliminate current offset faults, which is irrelevant to
the motor parameters. The current offset fault is deduced
from the output voltage and/or the feedback current signals.
By selecting the appropriate estimation method, the time
required for the diagnosis process can be greatly reduced.
In [12], [13], the current offset and scaling faults are com-
pensated using the reference voltage signals, which can be
applied in all operation applications in motor drives. The
current signal missing faults is investigated in [14], which
takes full advantage of the current amplitude information and
is independent of the precise model parameters. In [15], a
current and position sensor fault diagnosis method is pro-
posed, which considers the parameter and load fluctuations.
A sliding-mode observer based current measurement faults
estimation method is proposed regarding the sensorless con-
trolled motor drive in [20]. The current ripples elimination
method is studied in [21] regarding the current measure-
ment errors. For the torque ripples elimination and motor
performance improvements, in [22] the offset faults for cur-
rent sensors are investigated using the phase voltage com-
mands. By low passing the current commands inmotor drives,
the current measurement errors can be obtained, which after-
wards eliminates the torque ripples [23]. In [24], a current
sensor fault diagnosis method is proposed in linear motor
systems for subway applications, where both the gain and
offset faults can be estimated by comparisons between the
estimated and the measured synchronous currents. A periodic
disturbance observer is proposed in [25] for the elimination of
current sampling faults. The power supply quality for current
sensors is investigated in [26] regarding the current sampling
offset faults. By analyzing the reference voltage, the current
offset fault is compensated in [27]. The offline scaling errors
estimation method is investigated in [28], which is not limited
by whether the rotor is locked or not. However, this method
can only be used in the initial status estimation. However,
these methods require complex observers or digital filters for
the estimation of the offset faults of phase current sensors,
which will introduce additional computational burden to the
system. Also, the load type and disturbance might decrease
the estimation accuracy of these kinds of methods according
to [29].

To solve these drawbacks, the observer and digital free
methods are researched in [29], [30]. In [30], a mutual correc-
tion approach that utilizes the current sampling information
for the current sensors in motor drives is proposed. The
advantages are that only two voltage injection points are
required, and the mutual correction approach does not affect
the normal operation of the drive. In addition, the motor
parameters are not necessary for the proposed strategy. How-
ever, the proposed strategy needs to change the PWM gener-
ating method in the voltage injection points into the proposed
asymmetrical type. To solve this limitation, a self-estimation
method without using observers and digital filters for phase
current sensors faults is proposed in [29], where no additional
hardware support is needed. Also, the estimation time can

TABLE 1. Comparison between proposed strategy and existing
technologies.

be controlled within 1 ms. However, modifications on the
installation methods of phase current sensors are required,
which might limit its application.

Current methods mainly employ the output voltages or
feedback current information to estimate the current sampling
faults, which might increase computational burden owing
to the adoption of complex observers and filters. Another
problem caused by these methods is the long estimation
period, which lasts from tens of seconds to several minutes.
The test voltage injection method and related techniques
can avoid above problems. However, modifications on the
PWM generating method or the topology are required, which
also limits its application. Therefore, for solving the afore-
mentioned problems, in this paper, a current-detection based
sensor offset fault diagnosis method is proposed. The pro-
posed strategy does not modify the topology nor the PWM
generating method of the drive. Only current signals at a few
fixed sampling points are needed. Moreover, the estimation
process only requires a few multiplications and additional
operations. Therefore, the computational burden of the pro-
posed approach is not increased, and the estimation time
is controlled within one electrical angle period, which is
usually about several milliseconds. The comparison between
the proposed strategy and existing technologies are presented
in Table 1.

The remainder parts of this paper are structured as below.
In section II, the mathematical model of the system consider-
ing offset faults is studied. In section III, the proposed estima-
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FIGURE 1. PMSG drive considering current offset faults.

tion strategy is illustrated. The overall control approach and
experiment results are provided in section IV and section V,
respectively. The conclusion is finally drawn in section VI.

II. MATHEMATICAL MODEL CONSIDERING
OFFSET FAULTS
The PMSG drive considering current offset faults is illus-
trated in Figure 1. The inverter is supplied by the DC-bus
capacitor C with voltage of UDC. S1,. . . , S6 are the six power
devices of the two-level inverter. The current sensors measure
the three-phase currents iA, iB, iC and the DC-bus current ibus.
The rotor position is measured by the encoder and the PWM
signals are generated by the controller - a microprocessor.

In Figure 1, the offset faults of the sampling circuits are
considered within the circuit, where eA, eB, eC, ebus and mA,
mB, mC, mbus are the offset values and the measured currents
which can be expressed in (1):

mA = iA + eA
mB = iB + eB
mC = iC + eC
mbus = ibus + ebus

(1)

It can be seen from figure 1 that the offset faults of phase
current sensors are introduced to the controller through the
sampling circuits. And then, the control sends out the switch-
ing signals containing inaccurate information to the inverter.
Finally, the inverter drives the motor in an incorrect manner,
which results in extra harmful torque ripples.
In this paper, the relations among all the current sensors are

taken full advantage of for the estimation of the phase current
sensor offset faults. According to the topology of the inverter,
the switching state of the inverter is relevant to the relations
among these measured currents [31], which are illustrated
in Table 2. It can be observed from Table 2 that the offset
faults of the current sampling circuits can be deduced by the
measured currents in specific sampling points directly.

III. PROPOSED ESTIMATION METHOD
A. ESTIMATION OF OFFSET FAULT FOR DC-BUS
CURRENT SENSOR
It can be investigated from Table 2 that the DC-bus current
sensor offset is equal to the measured DC-bus current in

TABLE 2. The relations among the measured currents.

FIGURE 2. Traditional SVPWM waveform (Section I).

switching states of the zero vectorsV000 andV111. In Figure 2,
the conventional seven-segment space vector pulse width
modulation (SVPWM) waveform in Section I is illustrated,
where c1, c2 and c3 are three comparators and SA, SB and
SC are the operating status of the three-phase bridge arms.
The feedback current information for closed-loop control,
i.e., mA, mB and mC are sampled at the middle of each PWM
cycle. From Figure 2, it can be seen that at the intermediate
point of each PWM period, t7, the switching states of the
inverter is always S111. Therefore, by sampling the DC-bus
current value at t7, the offset fault of the DC-bus current
sensor can be estimated with (2),

ebus = mbus [t7] , (2)

where mbus[t7] is the measured DC-bus current value at sam-
pling point t7.

B. ESTIMATION OF OFFSET FAULT FOR THREE-PHASE
CURRENT SENSORS
It can be observed from Table 2 that the offset faults of
the three-phase current sensors are related to the DC-bus
current sampling values based on the operating conditions
of the inverter. In this part, the estimation of the offset
faults of the three-phase current sensors is analyzed in
detail.
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1) ESTIMATION OF eA
In Table 2, the current relations among mbus and mA under
switching states of S100 is given in (3):{

mbus [S100] = iA [S100]+ ebus
mA [S100] = iA [S100]+ eA,

(3)

where iA[S100] denotes the actual phase-A current value
under switching states of S100; mbus[S100] and mA[S100] are
the measured phase-A and DC bus current values under
switching states of S100.
Thus, the offset error of phase-A current sensor is able to

be deduced as given in (4):

eA = mA [S100]− mbus [S100]+ ebus. (4)

2) ESTIMATION OF eB
In Table 2, the current relations among mbus and mB under
switching states of S010 is given in (5):{

mbus [S010] = iB [S010]+ ebus
mB [S010] = iB [S010]+ eB,

(5)

where iB[S010] denotes the actual phase-B current value under
switching states of S010;mbus[S010] andmB[S010] are themea-
sured DC-bus and phase-B current values under switching
states of S010.
Thus, the offset error of phase-B current sensor is able to

be deduced as given in (6):

eB = mB [S010]− mbus [S010]+ ebus. (6)

3) ESTIMATION OF eC
In Table 2, the current relations among mbus and mC under
switching states of S001 is given in (7):{

mbus [S001] = iC [S001]+ ebus
mC [S001] = iC [S001]+ eC ,

(7)

where iC[S001] denotes the actual phase-C current value under
switching states of S001;mbus[S001] andmC[S001] are themea-
sured DC-bus and phase-C current values under switching
states of S001.
Thus, the offset error of phase-C current sensor is able to

be deduced as given in (8):

eC = mC [S001]− mbus [S001]+ ebus, (8)

4) FIXED CURRENT SAMPLING POINTS
From parts 1, 2, and 3, the estimation algorithm for the three-
phase current sensors is illustrated. However, the required
currents signals must be sampled under specific switching
states. Therefore, in this part, the fixed current sampling
points for the acquisition of these crucial signals will be
explained.

In Figure 2, it can be observed that the operation time of
each active voltage vector is determined by the three com-
parators of c1, c2 and c3. Specifically, the operation time for

both the zero and active vectors are determined by c1 and c3
as given in (9):{

Tzero = TS − c3 + c1 = 2c1
Tactive = TS − Tzero = TS − 2c1,

(9)

where Tzero and Tactive denote the operation time of the zero
and active vectors, respectively; TS is the switching period of
the inverter.

In this paper, the settled sampling points is designed at a
quarter of the PWM cycle. To be specific, sampling points
t1, t3 and t5 are designed to be located under switching states
of S100, S010 and S001, respectively. To acquire an accurate
current sampling value, the action period of each switching
state should be long enough. Also, the sampling points should
not be located near the edge of the corresponding switching
period. As a result, the rules for the values of the three
comparators are:

i. The acting time for the active vectors should be longer
than the zero vectors.

ii. The acting time for the switching state corresponding to
the sampling point should hold the most acting time of the
active vectors.

These rules can be explained in (10) to (12):

ForS100(t1) :

 c1 <
TS
4

|c3 − c2| < tmin,
(10)

where tmin denotes the required action time for the active
vector not for current sampling.

ForS010(t3) :

 c2 <
TS
4

|c1 − c3| < tmin,
(11)

ForS001(t5) :

 c3 <
TS
4

|c2 − c1| < tmin,
(12)

It is obvious that:
i. At the high modulation areas, the acting time of the zero

vectors complies with rule No. 1.
ii. At each boundary of the six sectors, the acting time for

the corresponding active vectors meets the aforementioned
rule No. 2.

Therefore, the three fixed current sampling points are
exhibited in Figure 3. It can be observed that the three current
sampling points are positioned at the corresponding sector
boundaries. And the aforementioned rules can be satisfied.

IV. OVERALL CONTROL STRATEGY
A. SAMPLING POINTS FOR ESTIMATION OF CURRENT
OFFSET FAULTS
From the previous contents, it can be observed that the four
fixed sampling points, t1, t3, t5 and t7 can be measured within
one electrical angle cycle. It can be observed that the sam-
pling point t7 should not be measured at the high modulation
area. Therefore, to achieve a fast estimation period require-
ment, the appropriate estimation process should be located
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FIGURE 3. Three fixed current sampling points: (a) Location of three fixed
sampling points; (b) PWM waveform of sampling point t1; (c) PWM
waveform of sampling point t3; (d) PWM waveform of sampling point t5.

at the middle modulation area. As a result, the acting time
requirements for all four sampling points can be satisfied.

B. SAMPLING POINTS FOR CLOSED-LOOP CONTROL
Because the three-phase currents are measured by the corre-
sponding current sensors, the sampling points for the closed-
loop control can be placed at any time. However, for the con-
venience of easy implementation, in this article, the sampling
points for the closed-loop control is designed at the middle
point of each PWM control period. To be specific:

i. During normal operation periods where the four fixed
sampling points are not required, the fixed sampling point is
located at the intermediate point of the corresponding PWM
period. At this condition, only the three-phase currents will
be sampled for the closed-loop control, which is illustrated
in figure 2;

ii. During estimation periods where only the t7 is required,
the fixed sampling point is located at the intermediate point of
the corresponding PWMperiod. At this condition, all the four
current sensors measure the corresponding current, where the
three-phase currents are utilized for the closed-loop control
whereas the DC-bus current is used for the estimation of ebus;

iii. During estimation periods where any of the other three
fixed sampling points is required, two sampling points are
positioned at the quarter and the intermediate point of the
PWM period, respectively. At this condition, the DC-bus
current sensor and the corresponding phase current sensor
measure the currents at the quarter of the PWM cycle for the
estimation of offset faults. At the intermediate point of the
PWM period, all the three-phase current sensors measure
the corresponding currents for the closed-loop control.

FIGURE 4. Experiment setup.

TABLE 3. Parameters of motor prototype and offset faults.

FIGURE 5. Experiment results at t1: (a) Currents and Sector signal
waveform; (b) Zoom in view of (a).

V. EXPERIMENT RESULTS
For verifying the effectiveness of the proposed strategy, the
experiment is implemented on a 1-kW PMSG prototype.
The experimental setup is illustrated in Figure 4. The con-
trol unit is a digital signal processor TMS320F2812. The
current sensors installed in the drive are hall-effect sensors,
LEM, LT58/S7. The inverter is an intelligent power module,
Mitsubishi, PM75RL1A120. The current probes are used for
signal observation. The parameters of the offset faults and the
motor are given in Table 3.

In Figure 5, the experiment result at sampling point t1 is
presented. During the sector boundary between sector VI and
sector I, the output voltage vector has almost the same phase
angle as the basic voltage vector V1 as can be seen in fig-
ure 3(a). Therefore, the action time of V1 is much longer than
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TABLE 4. Measured currents.

FIGURE 6. Experiment results at t3: (a) Currents and Sector signal
waveform; (b) Zoom in view of (a).

that of the basic vector V2 as can be seen from figure 3(b).
In the PWM cycle corresponding to sampling point t1, there
exist two fixed current sampling points. The first sampling
point is located at the TS/4 of the PWMcycle, whichmeasures
the phase-A current mA[S100] (x1 in figure 5 (b)) and the
DC-bus current mbus[S100] (x2 in figure 5(b)). The second
sampling point is located at the TS/2 of the PWMcycle, which
measures all the current values, of which the phase current
values are directly used for the closed-loop control, whereas
the DC-bus one, mbus[S111] (x3 in figure 5(b)) is used for
parameter estimation. The measured currents are presented
in Table 4.

In Figure 6, the experiment result at sampling point t3
is presented. During the sector boundary between sector II
and sector III, the output voltage vector has almost the same
phase angle as the basic voltage vector V3 as can be seen
in figure 3(a). Therefore, the action time of V3 is much longer
than that of the basic vectorV4 as can be seen fromfigure 3(c).
In the PWM cycle corresponding to sampling point t3, there
exist two fixed current sampling points. The first sampling
point is located at the TS/4 of the PWMcycle, whichmeasures
the phase-B current mB[S010] (x4 in figure 6 (b)) and the

FIGURE 7. Experiment results at t5 (a) Currents and Sector signal
waveform; (b) Zoom in view of (a).

TABLE 5. Estimated current offset faults.

DC-bus current mbus[S010] (x5 in figure 6 (b)). The second
sampling point is located at the TS/2 of the PWMcycle, which
measures all the current values, of which the phase current
values are directly used for the closed-loop control, whereas
the DC-bus one, mbus[S111] (x6 in figure 6 (b)) is used for
parameter estimation. The measured currents are presented
in Table 4.

In Figure 7, the experiment result at sampling point t5
is presented. During the sector boundary between sector IV
and sector V, the output voltage vector has almost the same
phase angle as the basic voltage vector V5 as can be seen
in figure 3(a). Therefore, the action time of V5 is much longer
than that of the basic vector V6 as can be seen from fig-
ure 3(d). In the PWM cycle corresponding to sampling point
t5, there exist two fixed current sampling points. The first
sampling point is located at the TS/4 of the PWMcycle, which
measures the phase-C currentmC[S001] (x7 in figure 7(b)) and
the DC-bus currentmbus[S001] (x8 in figure 7(b)). The second
sampling point is located at the TS/2 of the PWMcycle, which
measures all the current values, of which the phase current
values are directly used for the closed-loop control, whereas
the DC-bus one, mbus[S111] (x9 in figure 7 (b)) is used for
parameter estimation. The measured currents are presented
in Table 4.

By using the experimental data in Table 4, the offset fault
of the DC-bus current sensor can be obtained in (13).

ebus = (x3 + x6 + x9)
/
3 ≈ −0.47A, (13)
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The offset fault of the phase-A current sensor can be
obtained in (14).

eA = x1 − x2 + ebus ≈ 0.55A, (14)

The offset fault of the phase-B current sensor can be
obtained in (15).

eA = x4 − x5 + ebus ≈ 0.77A, (15)

The offset fault of the phase-C current sensor can be
obtained in (16).

eA = x7 − x8 + ebus ≈ −0.36A, (16)

Therefore, the estimated current offset faults can be
deduced from the experimental results, which are presented
in Table 5. Compared with the actual current offset faults,
the estimated values have little estimation error, which prove
the effectiveness of the proposed method.

VI. CONCLUSION
In this paper, a current-detection based current sensor offset
fault estimation method for PMSG drives is proposed, which
makes the best use of the relations among all the available
sensor information. Compared with the existing techniques,
the proposed strategy does not rely on the observers or filters,
resulting in a decreased computational burden. Also, the pro-
posed strategy does not modify the PWM generating method
nor the installation methods of the phase current sensors.
Therefore, the proposed strategy is easy to implement. The
proposed method is examined by an experiment on a 1 kW
motor, which shows that the offset faults is able to be esti-
mated accurately. The advantages of the proposed strategy
are:

1) The proposed strategy only needs a few multiplication
and addition operations, which greatly reduce the computa-
tional burden of the controller.

2) Because the estimation time is controlled to be shorter
than one electrical angle period, which is usually about sev-
eral milliseconds, the required estimation period is short.

3) There is no need to modify the control algorithm,
the PWM generation method and the topology of the inverter.
Therefore, the proposed strategy is easier to implement.
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