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Abstract—Current measurement errors (CME) including offset
error and scaling error exist in permanent magnet synchronous
motor (PMSM) drive systems. It will cause periodic ripples in
the dg-axis currents and motor torque/speed. Thus, this paper
proposes a novel method to decouple and compensate for the
current measurement errors based on the d-axis current ripple
component. In the proposed method, the separation of CME
from the measured current takes into account the influence of
the closed-loop system. The adaptive band-pass filter is employed
to extract the desired periodic ripple component in the d-axis
current. Decoupling of the CME is achieved through a simple
mathematical operation and a low-pass filter. Compensation
is performed through the integrator operation. The proposed
method effectively eliminates the dg-axis current ripple and speed
ripple caused by the CME. The proposed method has robustness
performance on motor parameters and can be used during the
operation of the motor. The effectiveness and practicability of
the proposed CME compensation method is verified by the
experimental results.

Index Terms—Current measurement error, permanent magnet
synchronous motor, speed ripple.

I. INTRODUCTION

HE accurate measurement of stator current is crucial

in the permanent magnet synchronous motor (PMSM)
vector control system [1]. Current measurement errors (CME)
are inevitable in PMSM drives due to non-linear components,
imbalances in sensor power supply, and thermal drift in the
current measurement circuit [2]. The CME manifest as offset
error and scaling error in the measurement of stator current,
resulting in first- and second-order speed ripples [3]. The
presence of speed ripples negatively impacts the performance
of motor drives and can lead to damage or fatigue of me-
chanical components in severe cases [4]. Consequently, it is
necessary to develop compensation algorithms for CME in
high-performance motor control systems. Extensive research
has explored various compensation schemes for CME, which
can be categorized as offline compensation [5-7] and online
compensation [8-23].

Offline compensation refers to the process of calibrating the
current measurement sensor. During the initial commissioning,
the offset error can be calibrated offline [5]. Some proposed
offline methods aim to compensate for both offset error and
scale error [6], [7], but they do not fully address the issue that
the error might change due to thermal drift during operation.

Online compensation methods can be further categorized
into two types: those based on other measurable information

in the drive system [8—17] and those based on the current
information itself [18-23]. Methods such as the resonant
controller [8], iterative learning control [9], and repetitive
control [10] directly eliminate periodic speed/torque ripples.
Although effective for tackling speed/torque ripples, these
methods do not provide direct compensation for CME itself.
In scenarios demanding high-precision stator current, such as
sensorless control, CME still require compensation. In [11],
[12], and [13], proportional integral (PI) observer, model-based
observer, and adaptive extended state observer are used to
estimate CME, respectively. These proposed methods treat
CME as a disturbance in the dg-axis currents and employ
the idea of disturbance-observer-based control to eliminate it
[14]. However, the observer has parameter sensitivity, which
increases the design complexity. The voltage reference signal
produced by the current controller is also utilized to com-
pensate for CME [15], [16]. In [15], the proposed algorithm
divides the output signal of the d-axis PI current regulator
into six segments for each electrical cycle to calculate the
compensation for CME. In [16], the CME is obtained using
either the positive or negative sequence component of the
voltage error. However, these methods are constrained by
the performance of the PI current regulator and can lead
to transient performance degradation. In [17], a method is
proposed to compensate for CME by artificially injecting
multiple instances of current errors and extracting speed har-
monic information for CME calculation. However, this method
requires stable motor operation, and the current and speed
ripples can be aggravated during the error-injecting process.
On the other hand, the extraction and compensation of
CME directly from the current signal are commonly practiced.
For example, a discrete Fourier transform (DFT) based phase
discrimination approach can be used to separate ripple signals
from the current [18]. However, DFT calculations can be com-
putationally complex. Recursive sliding window least-square
(RSWLS) method [19] is utilized for online compensation.
However, this method is reliant on accurate motor parameters
and solely addresses scaling errors. Additionally, in [20] and
[21], ripple extraction algorithms using machine learning and
artificial intelligence have been suggested. Nevertheless, the
implementation of artificial intelligence algorithms on cheap
microcontrollers is currently intricate. In [22], a compensation
technique involving the filtering of the discrepancy between
the predicted and measured currents has been proposed. How-
ever, the accuracy of current prediction hinges on the precise



motor parameters. An adaptive-frequency harmonic suppres-
sion strategy based on vector reconstruction is proposed in
[23]. This method can decouple the fundamental component
frequency from the harmonics in the current vector. However,
the compensation performance of this method depends on the
performance of the harmonic suppressor.

This paper proposes a novel CME compensation method
based on decoupling the current ripple component to achieve
simple, efficient, and robust compensation. An adaptive band-
pass filter is utilized to extract the periodic ripple component
in the d-axis current. The extracted signal is manipulated
by specific trigonometric functions and then filtered through
a low-pass filter to isolate the CME decoupling value. The
compensation is executed through integrator operation. The
method is implemented without requiring additional devices
and has robustness performance on motor parameters.

The subsequent sections of this paper are structured as
follows: Section II presents an analysis of the CME. Section
IIT scrutinizes the response of CME within the closed-loop
system and introduces the CME estimation and compensation
method. The experimental findings are outlined in Section IV.
Section V offers a conclusion to the paper.

II. ANALYSIS OF CURRENT MEASUREMENT ERRORS

Stator currents are commonly measured using current sen-
sors, which are then processed through a low-pass filter to
suppress switching noise, and finally converted with A/D con-
verters [15]. Various factors, including power supply voltage
imbalances in the current sensor and the presence of analog
devices in the current measurement path, result in offset error
[24].

Scaling error is another type of CME. In order for the
analog-to-digital converter to operate effectively, the output
of the current sensor must be adjusted to fit within its input
range. Additionally, the current controller needs to convert this
digital signal into the true value of the current [25]. During
this conversion process, adjustments to the signal ratio are
necessary, which can lead to the occurrence of scaling errors.

The measured three phase current with the CME can be
expressed as:

Z.a_s = Kaia + AZ'(L
ip_s = Kyip + Ay (1)

iC_S = _ia_s - ib_s

where 7, and ¢, are the actual stator currents. i,_s, _s and i._s
are the measured three-phase stator currents, Ai, and Aij, are
the offset values and K, and K} represent the scaling factors

of phase A current and phase B current respectively.

Due to the high performance of current control, it can
be assumed that the measured currents exactly follow their
reference values. The constraint equation is as follows:
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where i4 , and i, ; are the measurement currents in the

synchronous reference frame (dq-frame/SRF), i3 and i} are
reference currents in the SRF, and
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By substituting (1) into (2), the value of the actual currents
i, and 7; can be obtained. And actual currents in the SRF are
as follows:

iq
iq

The dg-axis error currents are solved by:

Nig 1 [ ias—1i,
2] -l @

Ad,
Offset error and scaling error are independent of each other
and can be discussed separately.
The error current that demonstrates only an offset error
occurs when setting K, = K; = 1. The offset errors are
represented as follows:
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From (5), the offset error Aiqqy 55 are solely associated
with Ai, and Ay, consequently making it an independent
variable. The offset error induces the presence of the first-
order harmonic.

Assuming only scaling error exists by setting Ai, = Ai =
0, the scaling error are shown as:

|: Azd_scale :| — H|: Zz :| (6)
)
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where H is shown below.

AZ.d_scale
It can be seen from (6) that the scaling error is affected by
two factors: the reference current and the scaling coefficient
K, and K;. The scaling error primarily resulting in the
second-order harmonic.

Aiq_off = —Ai,sinb, +

3(Kp+Ka)+(Kp—Ka)2V3sin(20+ %) —6K, Ky

(Ko—Kp)(vV/3—/3 cos(20)+3 sin(20))

6K, Ky

_ (Ka—K3)(35sin(20)—v/3(1+cos(26))
6K, Ky

6K, Ky

3(Kat+Kp)+(Ka —Kb)zﬁsin(29+g)—6Ka,Kb
- 6K, Ky




III. ANALYSIS AND DESIGN FOR PROPOSED CME
COMPENSATION METHOD

From (5) and (6), the estimation of offset and scaling errors
can be achieved by separating the ripple component. However,
the ripple component is affected by the closed-loop system.
Therefore, it is necessary to establish a model for the closed-
loop system on the CME initially. Since the offset error is
treated as an independent variable, while the scaling error is
not independent, separate models should be established for
them.

C(s) > G(s)

Fig. 1. General block diagram of the current control system
with offset error.

A. Offset Error

The complex vector form voltage equation of PMSM in the
SRF is:

Udqg = Rsidq + Lspidq + jweldq + €dq (7N

where uq, = uq + juq and iqq = iq + jiq are the complex
vector voltage and current, eqg; = eq + jeg = Jwet)y is
the complex vector back electromotive force (EMF), R is
the stator resistance, L is the stator inductance, w. is the
electrical frequency, p is the differential operator and ¢ is
the permanent magnetic flux.

Under the assumption that w, remains constant throughout
a single control interval, the transfer function of the voltage
model can be derived as:

iaa(5) (uan(s) — eaa(9))

- Rs + sLg +jwe s (8)
2 G(5)(uaq(s) — eaq(s))

Assuming that back EMF compensation is complete, a
general block diagram of the current control system with offset
error is shown in Fig. 1. Within the diagram, C(s) is the
current controller. For the complex vector PI controller [26],
C = K,(1 + (K; + jw)/s), K, = weLs, K; = Rs/Ls,
and w, is the current loop bandwidth. izq, tdq s and Aigg of ¢
represent the reference current, measurement current, and

Since the CME changes slowly, the Aigqy o7y is assumed
to be constant. The transfer function of the current loop is as
follows:

idq é Gy,«(s)i:;q + Gyn(S)Aidq_off &)
where ac
We
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ur(s) 1+GC s+ we (10)
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Gyr(s) and Gy, (s) represent the response of the actual current
to the reference current and measurement error respectively.

By substituting (4) to (9), the transfer function of the
measurement current is shown as:

(1)

By subtracting the reference value and introducing the
Ge(s) 21+GC = (s +we)/s, the Aigq oy can be obtained:

GyT(S) * Z:;q)

In general PMSM vector control systems, the d-axis typi-
cally operates without an outer-loop, while the g-axis generally
incorporates a speed outer loop. As a result, 7; remains
constant, whereas ij; may vary. Furthermore, the d-axis is not
influenced by the performance of back EMF compensation.
Consequently, the d-axis current is selected as the target for
decoupling the ripple component.

Once the ripple current is calculated by (12), it is subse-
quently filtered through an adaptive band-pass filter (BPF)
with a resonant frequency of w.. The CME consequently
result in first- and second-order harmonics. Harmonics can
also arise from periodic load torque variations and other
potential sources. To reduce interference from other harmonics
and avoid the integral saturation effect induced by G.(s).
The center resonant frequency of the adaptive BPF can vary
with changes in the fundamental frequency of the motor. The
transfer function of the BPF is defined as:

Gppr.1(s) =

idg_s = Gyr(8)igg + Gyn(8)Aiag off + Aidg ofs

Aigq off = Ge(s)(idq_s - (12)
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where k,; is the gain coefficient and w.; is the bandwidth
of the filter. They are set as k.1 = 1l,w.,; = 5 to ensure a
reasonable frequency selection range and a gain of 1 at the
resonant frequency.

Then, Aiq opr in (5) is multiplied by a trigonometric
function factor cos(6.) as (14).

Subsequently, it is fed into a low-pass filter (LPF). The
output of the LPF is shown as:

1
offset error in the complex vector, respectively. LPF {cos 0. - Aig_ops} = ZAia (15)
cos B, - Ai = 1A' + }A' cos 26, + L(2Ai + Ai,)sin 260 (14)
e d_off*4 la 4 lq e 2\/§ b a e
1 1 3 1 1
—cos(6, + g) cANig opf = §Aib + §Aia cos 260, + % sin 26, — 2—\/§Aib sin 260, — §Aib cos 20, (16)



Similarly, Aiq ¢y is multiplied by another trigonometric
function factor —cos(, + 7/3) as (16). The output of the
LPF is:

7r , ..
LPF {—cos(@e + g) . Azd_off} = §Azb (17)

From (15) and (17), the offset error can be estimated. To
ensure smooth and precise compensation, an integral controller
is employed to force the output of the LPF to zero. The
outputs of the integrator, Ai, and Ay, serve as compensation
of the offset errors in the phase A and phase B current
measurements, respectively. The block diagram of the offset
error compensation structure is illustrated in Fig. 3.
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Fig. 2. General block diagram of the current control system
with scaling error

B. Scaling Error

By applying the Laplace transform to (6), the following
expression in complex vector form can be derived as:

A75dq_scale = N(S)qu (18)

where N (s) represents the Laplace transform of H.

The general block diagram of the current control system
with scaling error is shown in Fig. 2. The transfer function of
the current loop is as follows:

. GC(1-N)
Ya = TGO

The measurement current is shown as:

i (19)
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It can be observed that (20) has a similar form to (11). By
subtracting the reference value and introducing the Ge(s), the
Aigq scale can be obtained:

= Gl (igs — —=

St (21)

AZ.dq_scale Zr{q)
The adaptive BPF with a resonant frequency of 2w, is
implemented to minimize the impact of harmonic components

other than the second harmonic:
2kT2W623
§% 4 2weas + dw?

Gppr_2(s) = (22)
The parameters of BPF2 are identical to those of BPFI.
Similar to BPF1, the center frequency of BPF2 can vary with
changes in the fundamental frequency of the motor.
The output of the BPF in real vector form undergoes the
inverse Laplace transform, resulting in the following expres-
sion:

-5k
Zd_sec
Ai i
BPF{ A‘d_scale }:R .*d_dc (23)
Zq_scale Zq_sec
/I:*
q_dc
where 45 . and i .. are second harmonic components

in dg-axis current reference, i3 ;. and i, ;. are the DC
components in dg-axis current reference and R is a 2 x 4
order matrix of H as indicated below.

Then, by multiplying a trigonometric function factor

cos(26, 4+ 7/3) to (23), it can be obtained:

i:l_ sec

cos(20 + Ty . BpR{| Rldscate |y _ yp | lade | (o)
3 A7fq_scale q_sec
ZZ_dc

where M = cos(20 + %) - R is shown below.

It can be seen from (24) that it consists of both DC
components and harmonic components. This implies that the
parameters K, and K can be extracted from the DC compo-
nent. The following is a qualitative analysis of its constituents.

Because the d-axis current loop operates without an outer
loop and the reference current i; remains constant, the 4% _ .
becomes zero. The response of the first column of matrix M
can be disregarded.

iy 4. generates the second harmonic on the d-axis, while it
produces both the DC component and the second harmonic
on the g-axis. However, considering that i}; = 0 type vector
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Fig. 3. General block diagram of proposed CME compensation method

control is commonly employed, this DC component is not
suitable for decoupling K, and Kj.
The transfer function from the CME to the speed error is
[3]:
KW
1+C;W

where K is torque constant, Cs = K,s + K;s/s is speed
controller, K, and K are the proportional and integral gain
of the speed controller, W = 1/(Js + B) is motor motion
plant, J is moment of inertia, and B is viscous friction.

The transfer function from the speed error to the current
reference is:

Aw, = Ai, 25)

it = CAw, (26)

By substituting (25) into (26), the transfer function from the
CME to the current reference is:

KrCW )
it = —HTWAZQ 2 E(s)Ai,
Since E(s) acts as a low-pass unit, the response of i
can be ignored.
iy _qc generates the DC component and the second harmonic
on the d-axis, while it creates the second harmonic on the g-
axis. Therefore, the target for decoupling the K, and K, is
selected as the d-axis.
Subsequently, it is passed through a LPF to extract the DC
component, with the output of the LPF given by:

27)

E3
q_sec

\/g(Ka B Kb)iz_dc
6(KoKp)
28)

The direction of i; ,. aligns with the direction of 7.
To ensure that the direction of the compensation value is
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Fig. 4. The vector control scheme with proposed CME com-
pensation structure

exclusively influenced by K, — K3, the LPF output can be
divided by 1.

Then, it is regulated to 0 by means of an integral controller.
The output of the integral controller represents the scaling
error compensation coefficient K. The block diagram of the
scaling error compensation method is illustrated in Fig. 3.

K shows an inverse proportionality to K, — K. The
measurement current of phase A is multiplied by (1 + K),
and the measurement current of phase B is multiplied by
(1 - K). The currents after compensating for the scaling error
are shown as:

{i“-COm = Ka(l + K)ia = Kgia

29
ib_com = Kp(1 — K)ip = Kgip 29)

where K and K are the compensated scaling factors.



Fig. 5. Experimental setup

If K, — Ky >0,then K <0,(1-K)>1,(1+K) <1

Then K] decreases, and K increases relatively. Then (KJ—
K7) decreases and gradually approaches 0.

If Ko —Kp <0,then K >0, (1-K)<1,(1+K)>1.

Then K¢ increases, and K decreases relatively. Then (K;—
K7) increases and gradually approaches to 0.

Finally, the scaling measurement error is corrected.

The vector control scheme with proposed CME compensa-
tion structure is shown in Fig. 4.

IV. EXPERIMENTAL RESULTS

The experimental setup as shown in Fig. 5 is carried out
on the PMSM drive with a TI TMS320F28335 digital signal
processor (DSP). The parameters of the PMSM are shown in
Table 1.

Two uncorrected current sensors are used to sample the A-
phase and B-phase currents. The current value is calculated
by the sampling coefficient as follows:

Ia_s = Ksample_a(Da - Dsample_a)
Ib_s = Ksample_b(Db - Dsample_b)

where Koumpie o and Kggmpiep are the scaling factors,
Dsampie_a and Dggpmpie_p are the offset factors, D, and D,
are the current measurement digital signal in decimal.

Although the CME occur during the sampling process, it
manifests as the discrepancy between the sampling coefficient
used in the DSP and the actual sampling coefficient. The
specific sampling coefficients used in the experiments are
provided in Table II.

(30)

TABLE I
PARAMETERS OF THE PMSM

Parameter Value
Rated power 0.2 kW
Rated voltage 14V
Rated current 10 A

Pole pairs 5

Stator resistance 0.017 Q
Stator inductance 0.29 mH
Rated torque 5 N'm

TABLE II
SAMPLING COEFFICIENT

Quamity Ksample_a Ksample_b Dsample_a Dsample_b
Actual value 0.0184 0.0495 2043 2044
Test value 0.0123 0.0593 2034 2068

As described in (30), the offset error arises due to a
combination of scaling and offset coefficients. The use of
uncalibrated or miscalibrated sensors provides a more realistic
approach than injecting inherent scaling errors and offset errors
separately.

A. Performance of Proposed CME Compensation Method in
Steady-State Conditions

The experimental waveforms of speed, dg-axis currents, the
first- and second-oreder harmonic currents extracted through
BPF1 and BPF2, compensation amount A%a, A%b and K at
240 r/min using the proposed CME compensation method
are shown in Fig. 6. In Fig. 6(a), (b), and (c), the speed
ripples and dg-axis currents ripples decrease steadily during
the compensation process. As shown in Fig. 6(d) and (e), the
first- and second-oreder harmonic currents in d-axis current
are greatly eliminated. Fig. 6(f) shows the stable convergence
of the compensation amount.

The contrast of the harmonic content in steady-state g-axis
current with and without compensation is shown in Fig. 7.
It can be observed from Fig. 7(a) that the major components
are the first- and second-order harmonics, which account for
5.48% and 8.58% respectively. The lower frequency harmonics
are mechanical frequency harmonics caused by slight shaft
misalignment and have no impact on this experiment [27]. The
FFT analysis results with compensation show that the first-
and second-order harmonic components decrease to 0.41% and
1.03% as shown in Fig. 7(b).

The comparison of the motor phase currents with and
without compensation is shown in Fig. 8. From Fig. 8(a), it
can be observed that the currents of phase A and phase B are
asymmetrical without compensation, ranging from —3.2A to
4A and from —4A to 2.4A, respectively. With compensation,
the asymmetry in the motor phase currents caused by CME has
been effectively eliminated and almost completely disappears
as shown in Fig. 8(b).

B. Performance of Proposed CME Compensation Method in
Dynamic Conditions

The performance of the proposed compensation method is
tested in dynamic conditions in Fig. 9. As shown in Fig. 9(a)
and (b), the motor command speed is set from 240 r/min
to 360 r/min to 120 r/min subsequently. It can be seen that
the proposed CME compensation method has no impact on
the dynamic performance of the motor drive system, and the
compensation is effective in all speed segments. As shown in
Fig. 9(c) and (d), the motor undergoes loading and unloading.
The performance of the proposed CME compensation method
is unaffected by the load variations and has a high robustness
against the load disturbances.

Fig. 9 shows that the dynamic performance of the PMSM
drive system with the proposed CME compensation method
closely resembles the dynamic performance of the PMSM
in normal state. Consequently, the adoption of the proposed
method does not impact the dynamic control performance.
Furthermore, the steady-state speed error has been improved
across various working conditions.
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C. Experiments on Robustness Verification

The proposed CME compensation method does not rely on
motor parameters, thus eliminating the impact of parameter
mismatch on compensation effectiveness. Although parameter
mismatch may affect the performance of current loop decou-

d-

—— Phase A
—— Phase B

Current (A)

-10

Time(20ms/div)

(a)

10

—— Phase A
—— Phase B

Current (A)

-10

Time(20ms/div)

(b)

Fig. 8. Comparison of motor phase currents. (a) Without
compensation. (b) With compensation.

pling, the proposed method indirectly estimates and applies
compensation through an integral controller in a closed loop
to achieve convergence. To further demonstrate the parameter
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change processes without compensation. (b) Speed change processes with compensation. (c) Load change processes without
compensation. (d) Load change processes with compensation.
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robustness of the proposed method, experiments are conducted
using mismatched motor parameters, as shown in Fig. 10. The
Fig. 10 (a), (b), (c), and (d) show the results when the stator
inductance and resistance were respectively set at 120% and
80% of their correct values. As shown in Fig. 9(b), (d) and
Fig. 10, the performance remains similar even with different
parameter mismatches compared to the scenario with correct
parameters.

V. CONCLUSION

This article presents a compensation method to solve the
current measurement errors and the resulting speed ripple
problem in motor drive systems. The proposed method focuses

on decoupling and compensating for CME by utilizing the
current ripple component. By considering the impact of the
closed-loop system, the proposed CME compensation method
effectively extracts the periodic ripple component in the d-axis
current through the incorporation of adaptive band-pass filters.
The method significantly reduces ripples in dq-axis currents
and speed, while also demonstrating high robustness to motor
parameters. The proposed method does not require any ad-
ditional hardware and can be implemented straightforwardly.
Experimental results validate the efficiency and practicality of
the proposed CME compensation method.
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