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Abstract—This paper proposes a mutual calibration
strategy for multiple current sensors in an electric vehicle
motor drive. The motor drive usually consists of three
current sensors, i.e., a DC-bus current sensor and two
phase current sensors. Due to the aging effect and harsh
operating environment, the accuracy uncertainty issue is
inevitable in these crucial sensors, which results in poor
driving performance. In this paper, the detection voltage
injection (DV-Injection) method is proposed for mutual
calibration of the aforementioned current sensors. Two
opposite basic vectors are set together to detect and
eliminate the offset error of the DC-bus current sensor.
Then, both the directly measured phase-current values by
the phase-current sensors and the indirectly measured
values by the DC-bus current sensor are sampled. These
values are utilized for mutual calibration of the
phase-current sensor offset errors and scaling error
differences among all the current sensors. Meanwhile, the
DV-Injection process is only applied in the period of
calibration process, whereas in the remaining intervals the
space vector pulse width modulation (SVPWM) technology
is utilized. Finally, the effectiveness of the proposed
scheme is verified by simulation study in Matlab/Simulink
and experimental results on a 5kW IPMSM motor prototype.

Index Terms—Accuracy uncertainty, error compensation,
interior permanent magnet synchronous motor (IPMSM),
mutual calibration.

I. INTRODUCTION

LECTRIC vehicles (EVs) are typically the large-scale
power applications that operate under harsh conditions,
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Fig. 1. Typical IPMSM drive with current SAU.

where high reliability is of paramount significance, especially
for the future manless ones [1], [2]. Due to the outstanding
features of interior permanent magnet synchronous motors
(IPMSMs), they show good prospects in the fields of EV
applications [3]-[5]. In order to effectively control IPMSM in
EVs, several current sensors are installed for each motor drive
to provide the feedback signals for the micro-controller as
illustrated in Fig.1 [6], [7]. By good design, the drive achieves
excellent performance at the beginning [8]. However, after a
long time of use, the accuracy of the multiple current sensors
inevitably degrades with different degrees because of ageing,
interference and temperature drift [9]-[11]. For the sake of
expressing this issue conveniently, it is defined as sensor
accuracy uncertainty (SAU), because the degree of inaccuracy
for each sensor is unknown. In the case of current SAU, as
shown in Fig.1, inaccurate current feedback signals may be
produced, resulting in undesirable speed fluctuation, torque
ripple, and unbalanced three-phase currents [12], [13]. Besides,
it is difficult to determine which sensor is seriously inaccurate.
Furthermore, the situation that the multiple current sensors are
not completely accurate, but all the sensors are in relatively
healthy conditions can be encountered, making it unreasonable
to replace or repair any of these sensors. However, if the sensor
inaccuracy is not calibrated, the service lifetime of EV will be
reduced due to the deteriorated system performance, making it
impossible to meet the expected lifetime of at least 10 years
[14]. As the driving force and speed are both controlled by the
system, the deteriorated performance may affect the driving
experience, and even lead to danger [10], [12], [15]. The SAU
issue also brings great challenges to the pilotless technologies.

A typical IPMSM drive with current SAU is illustrated in
Fig.1 [16]. The drive consists of two phase current sensors and
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one DC-bus current sensor. These high-precision current
sensors are installed to provide accurate current feedback
signals, which are very important for the normal and efficient
operation of the drive [17], [18]. However, measurement
inaccuracy of these current sensors may appear considering
ageing, interference and temperature drift. As the factors that
affect the measurements are complex, a thorough solution is not
easy to obtain. More specifically, in practice, different degrees
of inaccuracy usually occurs in these sensors, instead of the
case that only one sensor totally breaks down with others being
intact. Therefore, it is necessary to propose a mutual calibration
strategy for multiple current sensors with SAU in EVs.

Although many solutions have been proposed to solve the
current sensor fault issue [19]-[27], they all focused on the
faults in one or two sensors. A continuous drive operation
strategy that excludes the sensor faults is proposed in [28],
which comprises of two higher-order sliding mode observers
and one Luenberger observer, making the fault detection
process complicated. In addition, all these literature focus on
the cases that at least one sensor fails. In fact, however, the
more commonly encountered scenario is that the sensors do not
completely fail, while they are able to continue working with
uncertainties in the measurement accuracy. In this case, a
rational solution is using these sensors as usual, whereas
real-time accuracy assessment and compensation are required
[10]-[13]. In [26], [27] the impacts of sensor errors on the
system performance are analyzed in detail. For the case that
accuracy uncertainties only exist in one phase current sensor
and the position sensor, in [10], a new scheme for detection,
isolation, and compensation strategy was proposed. However,
this scheme will be invalid if the currents derived by both the
two current sensors are erroneous. In other words, in the case
that SAU exists in multiple sensors (i.e., two phase current
sensors with SAU), the approach proposed in [10] is not valid
anymore. The current sensor error compensation strategies in
voltage source inverter (VSI) drives are studied in [11]-[13],
[29], where the sensor currents are estimated from the
information of the output voltage. However, several digital
filters and complicated computing algorithms are utilized in the
strategy, making it difficult to implement.

In this paper, the accuracy uncertainties of multiple current
sensors are analyzed, where the DC-offset and scaling errors
are compensated with a mutual calibration strategy. For the
proposed multiple current sensor error compensation strategy, a
completely healthy sensor is not required, which means that the
proposed strategy is still effective when none of the current
sensors is healthy. The proposed strategy is based on the
relationship between the DC-bus current and the three-phase
currents with different switching states. It should be pointed out
that the proposed mutual calibration strategy of current sensor
errors does not rely on any of the complicated digital filters and
is independent of the motor parameters. Furthermore, the
algorithm is simple for implementation.

This paper is organized as follows. In Section 11, the offset

error calibration strategy of DC-bus current sensor is illustrated.

In Section Ill, the mutual calibration strategies of the offset
errors in phase-current sensors and the scaling error differences

TABLE |
THE RELATIONSHIP BETWEEN DC-BUS AND THREE-PHASE CURRENTS.
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Fig. 2. The measured DC-bus current ipcy Under two opposite vectors.

among all the current sensors are proposed. In Section 1V, the
overall control strategies are illustrated. In Section V and VI,
simulation and experimental results are presented, respectively.
The conclusion is given finally in Section VII.

Il. SELF-CALIBRATION STRATEGY FOR DC-Bus CURRENT
SENSOR OFFSET ERROR

Offset and scaling errors are the most common error types of
a current sensor [10]. However, the errors of multiple current
sensors are different due to modulation and specificity. As
illustrated in Fig.1, a DC-bus current sensor is usually installed
for overcurrent protection. In this paper, further utilization of
the DC-bus current sensor will be carried out for phase-current
sensor mutual calibration. However, a self-calibration scheme
must be applied for the DC-bus current sensor first to ensure
accurate DC-bus current measurement. The DC-bus current ipc
is related to the three-phase currents ia, is, and ic according to
different switching states as displayed in Table I. It can be seen
that the values of ipc under any two opposite vectors (V1 and Va;
V3 and Ve; V2 and Vs) are opposite to each other. Therefore, if
the sum of the two values is not zero, the offset error of the
DC-bus current sensor is detected. However, the DC-bus
current value changes all the time due to the current chopping
effect. In order to effectively detect the offset error, the two
opposite vectors are set together. The time interval At between
the junction point and one of the two measuring points should
be equal to that between the junction point and the other
measuring point, as illustrated in Fig.2.

In Fig.2, if the offset error ipc osset dOes not exist in the
DC-bus current sensor, the two sampled currents i; and i, have
opposite values to each other when Aiy is equal to Ai,. However,
if ipc_ofrset IS NOt Zero, it can be detected as the average value of
i1 and i,. The precondition of applying this strategy is that the
values of two current increments Aii1 and Ai, are the same,
which implies that the current slope Ai1/At is equal to Aiy/At.

The mathematical model of IPMSM is given in [30]

Ue | g i . Lo+L,c0s20  L,sin20 d |y
=R-|. X—.
Ug Ip L, sin 26 Ly—L,cos20 | dt|ls

. (1)
—-sin20 cos20 || 1, —si
+d_<9 oL, _ i S sin@
dt cos20 sin20 || cosd
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where u,, Ug and i, ig are the motor voltages and currents in the
a-PB axis frame, respectively; R denotes the motor resistance; 6

represents the rotor angle; s is the permanent magnet flux
linkage; Lq and L are the inductance in the d-g axis frame.

When considering the current chopping effect, u, and ug in (1)

are no longer the voltage vectors to be synthesized. In fact, u,
and ug denote the instantaneous voltages on the motor windings,
which are related to the switching states (action vectors) and are
displayed in Table I1. In the table, Ua s, Ug_ins, Uc_ins, Uq_ins @NA
Up_ins @re the instantaneous voltages. Upc is the DC-bus voltage.
In this case, the first and third items in (1) can be neglected

L,sin26 }Xir“—'“} 3

Uy ins |_| Lo+ L, cos20
LO - L2 cos26 | dt iﬁ_lns

Ug_ins L,sin26

The current slopes can be obtained

d |:ia_lns:| 1 {Lo ~L,cos26

dt -L,sin26

_ 1 -L,sin26 :|.|:Ua_|ns:| )
Lylq

Ig_ins Lo+L,€0820 | | Ug g

Finally, the three-phase instantaneous current slopes
(dia_ins/dt, dig_ins/dt, and dic_ins/dt) can be derived from (4) by
2/3 transform as shown in (5)-(7) and Table I11.

d iA_Ins uA_Ins
a iB_Ins =L- uB_Ins Q)
Ic_ins Uc 1ns
| Il \/§|3 Il ‘\/§|3 ]
2 2 2 2
L:—3 2 . —I—l+—\/§|3 I—l+i—_\/§I3 I_l_i (6)
L, | 2 2 4 4 2 4 4
b3 b 3, 3, 3,
| 2 2 4 4 4 4 2 |
l, =Ly —L,cos20
I, =L, - L,cos26 @)

From Table 11, it can be seen that the current slopes of ipc
under any two opposite action vectors are all the same, which
demonstrates the two current slopes Aii/At and Aiy/At are the
same in Fig.2. Therefore, the increments of the two currents Aiy
and Al, are proven to be the same. In this case, the average
value of i; and i, in Fig.2 can be utilized for DC-bus current
sensor offset error detection and compensation.

It should be noted that even if the first and third items in (1)
are not small enough to be ignored, they have little effect on the

TABLE 1l
THE INSTANTANEOUS VOLTAGES ACTING ON THE MOTOR WINDINGS.
Vx V1 \/ Vs V4 Vs Ve
Uams  2Upc/3 Upc/3 -Upc/3 -2Upc/3 -Upc/3 Upc/3
UB_Ins -Upc/3 Ubc/3 2Upc/3 Upc/3 -Upc/3  -2Upc/3
uc_ins -Upc/3 -2Upc/3  -Upc/3 Upc/3 2Upc/3 Upc/3
Uo_ins \/6UDc/3 UDc/\/6 -UDc/\/6 -\/GUDcls -UDc/\/6 UD(:/\/G
UB_Ins 0 Upc/\2 Ubci2 0 -Upc/N2  -Upc/\2
TABLE 1l
THE VALUES OF THREE-PHASE INSTANTANEOUS CURRENT SLOPES.
Vector Vi \2 V3 V4 Vs Ve
dia_ins/dt Q: Qs Qs —Q1 Qs —Qa
dis_ins/dt Qs Qs Q2 Q4 —Qs Q2
dic_ms/dt Qs -Qs —Qs —Qs Qs Qs
dipc/dt Q1 Qs Q: Q: Qs Q2
Q1 z[Lo—Locos26] Qa4 z[-Lo/2—Lasin(26—1/6)]
Q2 z[Lo+Losin(260+1/6)] Qs z[-Lo/2+Losin(26+1/6)]
Qs z[Lo—L2sin(26-1/6)] Qs z[Lo/2+L2c0s26]

2=2Uoc/(3LaL) |

TABLE IV
THE RELATIONSHIP BETWEEN THE MEASURED DC-BuUS CURRENT AND
ACTUAL THREE-PHASE CURRENTS.
V100 V110 Voo Vour Voo1 V101
(V1) (Vo) (Vs) (Va) (Vs) (Vo)

Koc ic

Vector

ipcmsca  kocta  -kocic  kocis  -kocia -kpc i

proposed calibration method. Because At is usually very short
(a few microseconds), Ai; and Ai, are also very small.

I1l. MUTUAL CALIBRATION STRATEGY FOR MULTIPLE
CURRENT SENSOR ERRORS

The aforementioned two error types - offset error and scaling
error in the phase current sensors have extremely negative
effects on the drive [10]. Usually, the three-phase currents for a
three-phase three-wire system are detected by two phase
current sensors, and the current in the third phase is obtained by
the Kirchhoff's current law (ia+ig+ic=0). Assume that the
actual three-phase currents are ia, is, and ic, the measured
three-phase currents are iam, ism, and icm. The errors can be
expressed as

iam = Ka -Iatia offset
igm =Kg *Ig tig offset (3)

Ilem =~lam ~Ism

where Ka, ks and ia_ossset, is_offser indicate the scaling and offset
errors of phase-A, B current sensors.

A. Mutual Calibration of the Offset Errors in the Phase
Current Sensors

In the previous part, the offset error of DC-bus current sensor
has been calibrated, and the DC-bus current without the offset
error, i.e., incm_sca IS illustrated in Table V.

From (8) and Table IV, it can be seen that the offset errors of
the phase current sensors (ia offset OF g offset) Can be detected
according to two sets of sampled current values. Take ia_offset 8S



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

an example, the actual phase-A current values are ia1 and ia;
the measured phase-A current values (by phase-A current
sensor, iam) are iawi and iawe; the reconstructed phase-A
current values (by DC-bus current sensor, ipcm sca) are iare1
and iare2

Iam1=Ka a1t offset ©)
iam2 =Ka Ta2 HiA offset
{IARElszC ‘a1 {IAlzlAREl/kDC (10)
iare2=Kpc “la2 ipn2=1are2/Kpc

By substituting (10) into (9), the offset error of the phase-A
current sensor can be finally obtained

iA_Offset = (iAREl ’ iAM2 - iARE2 ’ iAMl)/(iAREl - iAREZ) (1 1)

The offset error of the phase-B current sensor ig_offset Can be
obtained by the same method

is_ofrset = (isrer - Tam2 — isrez “iem1 )/ (lerer —igre2 ) (12)

where igm1, ism2 and isre1, isre2 are the corresponding phase-B
variables to those defined in phase-A current sensor.

It is worth noting that the proposed mutual offset error
calibration strategy for the phase current sensors is also
applicable for the three-phase current sensor based systems.

B. Mutual Calibration of the Scaling Error Differences
Among the Phase Current Sensors

Upon the mutual calibration of the multiple phase current
sensors, the detected DC-bus and three-phase current values
can be expressed as

incm sca = Kpc ipc

iAM_SCA = kA 'iA (13)

ism sca =Kg “ig

icm sca = —Ka ia —Kg *ig

where iAM_SCA, iBM_SCA, iCM_SCA are the three-phase currents
without the offset errors.

The scaling error differences among the phase current
sensors cause the speed ripple of two times the fundamental
stator current frequency [12]. In order to compensate the
scaling errors among the phase current sensors, the DC-bus
current sensor is utilized. This is because the DC-bus current
sensor has certain relationships with all the phase currents,
which builds up a link between the phase current sensors.

The actual phase-A and -B current values are ia and ig; the
measured phase-A and -B current values (by phase current
Sensors, iam sca, iem_sca) are iam and igm; the reconstructed
phase-A and -B current values (by DC-bus current sensor,
ipcm_sca) are iage and igre. Therefore, the relationships among

4
the scaling errors ka, kg, and kpc are
{kA =Koc “iam /iare (14)
ke =Kpc *Tgm /are

The average value of the three scaling errors are given in (15),
which can be calculated as k times of kpc

katKe*+Kpc _iam “igre T iam “IaRe T iare “iBre Koe
3 3iARe *1BRE (15)

:k'kDC

Therefore, in order to compensate the scaling errors among
the current sensors, the compensation coefficients are

Koc com = k= Iam “IBre tlBm “!aRe T 1aRE “IBRE
bc_com = K= - .
3iare “IgrE
K _ lam "IBre *lm "laRe T laRE "IBRE
A_COM = 3 i (16)
Iam “IBRE
Ke com = Iam "Ire tlem "1are T 1aRE “IBRE
B_COM = - -
3iare “lgm

where Kkpc com, Ka com, and kg com are the compensation
coefficients of DC-bus current sensor, phase-A, and -B current
sensors, respectively.

By substituting (14) and (16) into (13), the detected DC-bus
and three-phase current values after calibration are

incm_cau = Koc_com “Ipoem_sca =K “Kpe ipc

iAM_CALI = kA_COM 'iAM_SCA =k -Kpc -ia (17)

ism_caLl = Ks_com “iem sca =K Kpc *ig

icm_cau = —lam_cau —lem_cau =K Kpc “ic

where ipcm_caLl, iam_caLl, iBM_caLl, icm_caw are the DC-bus and
three-phase currents after the mutual calibration of errors.

It can be seen that the scaling error differences among the
multiple current sensors in (13) have been compensated in (17).
Different from the offset errors that can be precisely eliminated
with the proposed calibration strategy, the scaling errors cannot
be completely cancelled with the aforementioned scheme.
However, the compensation method is able to balance the
scaling error differences among all the current sensors, which
means that the scaling errors of all the current sensors can be
pulled back to the same level. By this means, the negative
effects of the scaling error differences on the system, which
cause the speed ripple which is two times the fundamental
frequency, could be cancelled out [12]. It is also worth noting
that the proposed mutual scaling error calibration strategy for
the phase current sensors is also applicable for three-phase
current sensor based systems.
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IV. OVERALL CONTROL SCHEME

A. Detection Voltage Injection (DV-Injection) Method

In this paper, the detection voltage injection (DV-Injection)
method is utilized for mutual calibration of multiple current
sensors, as illustrated in Fig.3. The DV-Injection method
applies the calibration process during the set intervals tcai
among the commonly used space vector pulse width
modulation (SVPWM) process. The interval tcai is selected
according to the running state and environment. In the period of
mutual calibration, as shown in the yellowish shading areas,
only two DV-Injection points are set, whereas the rest areas are
set with SVPWM strategy. In this way, the increase in total
harmonic distortion (THD) caused by DV-Injection can be
reduced as much as possible.

For the drive with two phase current sensors, e.g., phase-A
and -B current sensors, the two DV-Injection points are set at
where the two measured currents have the positive and negative
values with the same magnitude, respectively, which are
indicated as DV-Injection 1 and 2 in Fig.3. The DV-Injection
method utilizes the six effective basic voltage vectors (Vioo,
V110, Voio, Vou1, Voo1, Vioa) to synthesize the output voltage, and
eliminates the two zero vectors (Voo and Vi11) used in SVPWM
strategy. In order to apply the proposed DV-Injection strategy,
the output voltage range is divided into six brand new sectors
that are shown in Fig.4 (a). In each defined sector, the applied
vectors and the measured currents are displayed in Table V.

From Table V, it can be seen that six current values can be

TABLEV
THE APPLIED BASIC VECTORS AND MEASURED CURRENTS IN EACH
DEFINED SECTOR.

Measured Currents
DV-Injection 1 DV-Injection 2

Sector Basic Vectors

| V100, V110, Vo1, Vior

1 V100, V10, Voio, Voor L

1l V110, Voo, Vou1, Vior i h, :2’
v V100, Voo, Vo1, Voor ?2;11" iE;F:;ll '
\Y V110, Voi1, Voo1, Vior
VI V100, Vo1o, Voo1, Vio1

i1, iz,
1ARE2, IBRE2,
1am2, 1BMm2

obtained from the two DV-Injection processes. Take Sector | as
an example, the DV-Injection process together with the current
sampling strategy can be illustrated in Fig.4 (b). With the
proposed DV-Injection and current sampling strategy, all the
current values required for current sensor mutual calibration
can be obtained at the two DV-Injection points in Fig.3.

Because filters and sampling delays have influence on
current sampling, effective current measurements cannot be
obtained immediately after vector switching [17]. Therefore,
the current sampling point cannot be set instantly after the
vector switching point, that is, the action time of each basic
voltage vector that needs to be sampled must be maintained for
a minimum period of Tmin. The minimum action time is similar
to that required in the phase current reconstruction strategies.
As to how to ensure the minimum action time of basic vectors,
relevant methods in the phase current reconstruction strategy
have already been proposed in [17], and they won't be covered
in this paper.

For the current sensor error compensation strategy proposed
in this paper, if there exists sampling noise, the measured
currents that the compensation strategy depends on will
become inaccurate, leading to the deviation of error parameter
estimation and compensation. If the influence of the sampling
noise needs to be cancelled, the DV-injection process can be
repeated for many times in the two injection points in Fig. 3.
Therefore, multiple groups of current sensor error parameters
can be obtained with the multiple groups of detected currents,
and the influence of noise can be counteracted by average
algorithm. Considering that the two types of current sensor
errors mentioned in this paper change relatively slow with time,
the effect of noise can also be counteracted by adding a digital
low-pass filter to the estimated sensor error parameters.

B. Closed Loop Control of the System

A common IPMSM drive diagram with the proposed mutual
calibration strategy is illustrated in Fig.5. The current sensors
and the encoder are installed to obtain the three-phase currents
and position/speed information for the dual closed-loop control
of current and speed. The current SAU calibration module
detects the corresponding current values by issuing the
DV-injection switching instruction, and then estimates the
types and sizes of the sensor errors according to the proposed
algorithm (represented by "Cali. Para." in Fig. 5). Therefore,
the current information which contains uncertain errors can be
finally detected and calibrated.
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TABLE VI

MAIN PARAMETERS OF IPMSM FOR EXPERIMENT.
Parameter Value Parameter Value
Rated power 5 kW Pole pairs 3
Inverter DC voltage 540 V d-axis Inductance 4.2 mH
Rated voltage 380V g-axis Inductance  10.1 mH
Rated current 85A Phase resistance 0.18Q
Efficiency 0.9 Maximum speed 3000 r/min
Rated torque 15N m

Actual Phase-A
urrent (A)

M=

V. SIMULATION VALIDATION

In order to validate the effectiveness of the mutual
calibration strategy for multiple current sensors in the drive,
simulations have been carried out in MATLAB/Simulink. The
main parameters of IPMSM used in both the simulation and
experiment are given in Table VI.

The errors of the multiple current sensors are added
artificially to the sampling results of the current feedback
values. Additionally, in order to test the impacts of actual
environmental changes on system performances and the
validity of the corresponding mutual calibration strategy in
such conditions, the multiple current sensor errors are set as
time-varying values rather than constant ones. The variations of
different types of errors in multiple current sensors are set to the
cases as illustrated in Fig. 6.

The motor starts from 0 to 500 rpm with a load of 15 N m. At
2.5 sasudden load of 5 N m is removed from the motor shaft.
At 5sasudden load of 5N mis added to the motor shaft. At 7.5
s the motor speed is set to 800 rpm. The simulation results of
the phase currents without mutual calibration of the multiple
current sensor errors are given in Fig. 7. From the simulation
results, it can be seen that the actual three-phase currents show
unbalanced curves. Whereas the detected three-phase currents
are balanced, even when the load and speed are fast changing.
This is due to the closed-loop current control of the drive.

In Fig. 8, the simulation results of the torque ripple and speed
fluctuation without mutual calibration of the multiple current
sensor errors are displayed. It can be seen that the torque ripple
is about 5 N m and the speed fluctuation is 90 rpm, which are
obvious and seriously deteriorate the system performance.

In order to eliminate the adverse effects of the current sensor
errors, a mutual calibration strategy is proposed. In Fig. 9, the
detected current sensor errors are displayed, and it can be seen
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Fig. 7. The simulation results of the phase currents without mutual
calibration of the multiple current sensor errors.
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Fig. 9. The detection of multiple current sensor errors.

that the offset errors follow the actual ones accurately in Fig. 6.
The overall trends of scaling errors are reproduced in a
relatively correct paradigm, but the specific values are not
exactly the same as those shown in Fig. 6. However, the
absolute scaling errors of the three current sensors are pulled to
a same level. This will not only balance the three-phase currents
but also greatly reduce the torque ripple and speed fluctuation
of the motor, which has been proven in [12].

In Fig. 10, the simulation results of the three-phase currents
after mutual calibration of the multiple current sensor errors are
given. It can be seen that after applying the mutual calibration
process, the actual three-phase currents show very good
performances. The actual three-phase current curves are
balanced, and the amplitudes of the three-phase currents remain
unchanged. After the artificial introduction of the various errors
of the current sensors, the waveforms of the detected
three-phase currents are distorted greatly. The three-phase
current waveforms are no longer balanced, and the amplitudes
of the currents change significantly with the speed and load
unchanged. After the mutual calibration of the detected currents,
the compensated three-phase currents become balanced again.
Even when the speed and load are changing rapidly, the current
amplitudes do not change significantly, so is the case when the
speed and load remain unchanged. The compensated
three-phase currents are sent back to the system for current
closed-loop control so that the stability of system can be
guaranteed.

The simulation results of the torque ripple and speed
fluctuation after mutually calibrating the multiple current
sensor errors are displayed in Fig. 11. It can be seen that the
torque ripple is about 2 N m and the speed fluctuation is 10 rpm,
which are reduced by 60 % and 89 % compared to the values
before calibration, respectively. It can be concluded that the
torque ripple and speed fluctuation are obviously reduced, and
the system performances are greatly improved.

VI. EXPERIMENTAL VALIDATION

In order to further validate the effectiveness of the proposed
mutual calibration strategy for multiple current SAU, an
experimental platform is set up as shown in Fig. 12. The used
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Fig. 10. The simulation results of the phase currents after mutual
calibration of the multiple current sensor errors.
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Fig. 12. Experimental platform.

TABLE VII
ERRORS OF DC-BUS AND PHASE CURRENT SENSORS.

Current Sensors Offset Errors (A) Scaling Errors

DC-Bus -1.0 11
Phase-A 15 12
Phase-B 0.5 0.9
Calibration
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Fig. 13. Experimental results of actual and detected three-phase
currents before and after mutual calibration of the multiple current
sensors.

current sensors are isolated hall-effect sensors (HS01-100,
maximum sample rate 100 kHz). The offset and scaling errors
of DC-bus and phase current sensors are added to the software
as given in Table VII.

In Fig. 13, the experimental results of actual and detected
three-phase currents before and after mutual calibration of the
multiple current sensors are presented. In the figure, ia actual,
iB_Actual, Ic_actual @re the actual three-phase currents. ia_sam, is_sam,
ic_sam are the sampled three-phase currents, where ic_sam is the
opposite value of (ia_sam + is_sam). It can be seen that the actual
three-phase currents show unbalanced waveforms before
calibration, whereas the sampled three-phase currents are
balanced. This is because the sampled currents are the directly
controlled signals. After calibration, both the actual and
sampled currents return to the state of three-phase equilibrium.

The experimental results of the calibration process are
illustrated in Fig. 14. In the figure, DV-Injection 1&2 are the
two calibration signal sampling points. The detected currents
are given in Table VIII. From Table VIII, it can be seen that the
estimated offset error of the DC-bus current sensor is almost the
same as the actual one, which also demonstrate the
effectiveness of simplifying (1) and (2) into (3) in Section II.
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Experimental results of the calibration process.

Covaa il

Fig. 14.

TABLE VIl
THE DETECTED CURRENTS IN FIG.14.

DV-Injection 1 DV-Injection 2

i1 89 A i1 14.4 A
i2 -10.8 A i -16.3 A
iARe1 36A iARe2 -710A
iAm1 55A iam2 -6.2 A
iBRe1 6.1A iBRe2 -8.1A
iBm1 55A iBm2 -6.2 A
ipc_offset’ -0.95 A Kpc_com 0.98
iA_Offset’ 153 A Ka_com 0.88
iB_Offset’ 047 A ks _com 1.18
koc_com * koc 1.08 Ka_com * ka 1.06
Ks_com " ks 1.06

After DV-Injection point 2, the errors of the current sensors
are detected and calibrated. Additionally, it can be noticed that
after the calibration point 2, it still takes a short period of time
before the actual three-phase currents become balanced. This is
because the actual controlled variables, i.e., the sampled
currents, have a step jump after correction.

The experimental results of the torque ripples AT before and
after calibration are illustrated in Fig. 15, which are 1.5 N'm
and 0.3 N'm, respectively. The torque ripple is reduced by 80 %
compared to the values before calibration.

The experimental results of the speed fluctuation An before
and after calibration are illustrated in Fig. 16, which are 4 rpm
and 2 rpm, respectively. The speed fluctuation is reduced by 50%
compared to the value before calibration.

The frequency spectrum of the speed fluctuation before and
after calibration are presented in Fig.17 (fundamental
frequency 15 Hz). It can be seen that both the one and two times
the fundamental frequency speed fluctuation are reduced after
calibration of the current sensor errors. In the figure, 1x and 2x
harmonics does not eliminate completely after calibration, this
is mainly due to the defective calibration process caused by
sampling errors and noise.

The experimental results of the actual and sampled
three-phase currents during load and speed change is illustrated
in Fig. 18. It can be seen that although the detected three-phase
current fluctuates greatly, the actual three-phase current after
compensation is balanced.
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VII. CONCLUSION

The various errors of current sensors in motor driver bring
adverse driving experiences to EVs. In order to solve the
problem of current sensor accuracy uncertainty caused by aging
and harsh working conditions, this paper proposes a mutual
calibration strategy for the multiple current sensors. The
calibration strategy utilizes a proposed detection voltage
injection method, which is simple to implement. The
effectiveness of the proposed scheme is verified by the
simulation study in MATLAB/Simulink and experimental
results on a 5 kW IPMSM motor prototype. The torque ripple is
reduced by 60 % in simulation and 80 % in experiment. The
speed fluctuation is reduced by 89 % in simulation and 50 % in
experiment.

1) The proposed strategy realizes the self-calibration and
mutual-calibration of the multiple current sensors with no
additional equipment.

2) The calibration process does not need the mathematical
model of the motor, but uses the logical relationships
among the various current sensors. Therefore, the
complex observers and filters are removed from the
calibration process.

3) The calibration process is simple and easy to implement,
which only utilizes the DV-Injection method at the two
injection points. Whereas for the rest of the time, the more
commonly applied SVPWM technology is used.

4) The calibration strategy realizes the on-line calibration of
multiple current sensors.

5) The effectiveness of the proposed calibration strategy
mainly depends on the accuracy of the sampled current
values compared to the actual ones. Therefore, the
influence of noise on current sampling will increase with
the decrease of current level. To obtain a better calibration
result, the trigger condition of the currents during
calibration strategy should not be at a lower level.
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