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Abstract: For permanent magnet synchronous motors (PMSMs) supplied with a voltage source
inverter, current control strategies are commonly implemented under the synchronously rotating
reference frame. In order to simplify the system structure, three-phase currents can be measured with
a single DC-link current sensor using the phase current reconstruction technique. However, it still
needs to follow the conventional AC current control approach. In this paper, a DC-link current control
method for PMSMs is proposed to further simplify the control system. The problem of phase current
control was separated into the problems of amplitude control and phase control. Then, amplitude
control was achieved using a closed-loop controller directly tracking the DC-link current; while phase
control was achieved by AC-side pulse width modulation (PWM) following the phase angle of back
electromotive force. The compensation for nonlinear distortion of the inverter was taken into account
during the control process. Finally, the proposed method realized three-phase current control with
a single current sensor and controller, and achieved the purpose of electromagnetic torque control.
Experimental results demonstrate the effectiveness of the proposed method.

Keywords: permanent magnet synchronous motor (PMSM); phase current control; voltage source
inverter (VSI); system simplification; DC-link current

1. Introduction

Owing to their advantages of high power density, high torque inertia ratio and wide speed range,
permanent magnet synchronous motors (PMSMs) have been widely used in motion control fields such
as aerospace, weaponry, industrial robots, and computer numerical control (CNC) machines [1-4].
Generally, PMSMs are powered by a three-phase voltage source inverter (VSI) [5,6]. According to
rotor position and speed, VSI supplies terminal voltages to stator windings of PMSM through PWM to
generate stator currents.

The electromagnetic torque of PMSM is generated by the interaction between rotor permanent
magnet and alternating magnetic field formed by stator currents [7]. Thus, torque performance is
generally affected by the accuracy of current control. At present, research on current control strategies
has become a constant theme in the field of PMSM servo control.

In most PMSM applications, a two-phase current control strategy under the synchronously rotating
reference frame (d-q reference frame) is commonly used [8-10]. Three-phase alternating stator currents
are measured and projected onto d-axis and g-axis that parallel and perpendicular to rotor poles
through coordinate transformations, and the purpose is to convert the problem of AC current control
under a stationary reference frame into the problem of DC current control under a rotating reference
frame. By tracking the converted d-q axis currents, respectively, d-q axis control voltages are generated
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and then inversely transformed to the terminal voltages of three-phase stator windings. Considering
the fact that actual terminal voltages will be distorted due to nonlinear characteristics of VSI, such
as dead time, turn-on/turn-off delay and forward voltage drop of power devices [11], nonlinearity
compensation is usually introduced in control strategies to optimize phase current waveforms [12-14].

In order to simplify system structure and avoid disturbance due to mismatches of sensor
characteristics, an interesting research topic has emerged in recent years that replaces traditional phase
current measurement with reconstruction [15-20]. Since each switching state of VSI corresponds to a
specific conduction relationship between DC-link and AC-link, three-phase currents can be sequentially
measured by a single DC-link current sensor as switching state changes [15]. However, there are
some reconstruction dead zones in the space vector plane, such that the duration of switching state is
not sufficient for accurate current sampling [16]. Generally, these reconstruction dead zones need to
be narrowed by PWM modification, such as measurement vector insertion [17] and switching-state
phase shift [18]. In an earlier study [19], the authors proposed to reduce the effect of dead zones
by adjusting the position of current sensor and sampling during zero voltage vectors. In another
earlier study [20], a single current sensor was used to sample at multiple positions during both zero
vectors and active vectors so that the phase currents were accurately reconstructed. Phase current
reconstruction technique only requires a single DC-link current sensor, which simplifies the system
structure in feedback channel. However, it still needs to follow the conventional AC current control
approach based on the d-q reference frame.

In this paper, a DC-link current control method for PMSMs is proposed in order to further
simplify the system structure. The problem of phase current control was separated into the problems
of amplitude control and phase control. Then, amplitude control was achieved on the DC side of VSI
by directly using DC-link current as the control variable; while phase control was achieved on the AC
side of VSI by PWM following the phase angle of back electromotive force (EMF). Nonlinear distortion
of VSI was also compensated for during the control process. As a result, the proposed method can
simply implement current control of PMSM without phase current reconstruction and coordinate
transformations, and finally achieve electromagnetic torque control.

2. System Model and Problem Formulation

The diagram of an equivalent circuit for conventional VSI-PMSM system is shown in Figure 1.
Generally, the DC side of VSI is supplied with a constant voltage, while the AC side generates
three-phase terminal voltages through PWM to power the stator windings of PMSM.
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Figure 1. Diagram of equivalent circuit for a voltage source inverter (VSI)-permanent magnet
synchronous motor (PMSM) system.

2.1. PMSM Model

For a surface-mounted PMSM supplied with VSI in Figure 1, the equation of terminal voltages

can be written as [21].
di
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where ug = [us up ucl’, is = [ia ig ic]’, and e = [ea ep ec]T represent terminal voltages, phase currents,
and EMFs of stator windings, respectively; R and L are equivalent stator resistance and inductance,
respectively; uy is neutral-point voltage of stator windings.

For convenience, PMSM is assumed to have ideal back EMFs with sinusoidal waveforms
expressed as

e = Plpmwms(ee) (2)

where ¢, and p denote the amplitude of the rotor flux linkage and the number of pole pairs, respectively;
wm and B¢ denote mechanical speed and electrical angle of the rotor, respectively; S(6e) = [sin(Be),
sin(Be — 271/3), sin(Be + 271/3)]T [21].

Typically, the phase currents through stator windings should have coincident phase angles with
back EMFs in order to realize maximum torque per ampere (MTPA). Thus, the ideal phase currents
should be

is = 5(0e)I ®)

where [ is the amplitude of the phase currents.
Without consideration of cogging effects and other non-ideal factors of PMSM, the electromagnetic

torque can be written as
Tom OB 2 4)
e = O = 2P1Pm

where T, represents the electromagnetic torque of PMSM [22].

2.2. Nonlinear Distortion of VSI

However, the torque performance of PMSM is usually degraded by the total harmonic distortion
(THD) of three-phase terminal voltages. The main factors introducing harmonic distortion are some
nonlinear characteristics of VSI, such as dead time, turn-on/turn-off delay and forward voltage drop of
power devices. The distortion voltages caused by these nonlinearities can be expressed as

vat = sgn(is)tacfsUdc ®)
Ust = sgn(is) (ton — toff)fs Udc ©®)
Von = Ronis + Vthsgn(is) @)

where vg4¢, vst and von represent the distortion voltages caused by dead time, turn-on/turn-off delay and
forward voltage drop, respectively; tqt, ton and t. represent the dead time, turn-on and turn-off delay
times, respectively; fs and Uyg, are the switching frequency and DC-link voltage of VSI, respectively;
Ron and Vi, represent the average on-state resistance and average threshold voltage of single switching
device and its anti-parallel diode, respectively; sgn(:) is a signum function [23-25].

If the on-resistance Ron, is considered as a part of stator resistance R, the total nonlinear voltage
Verr Of VSI can be derived as

Verr = U4t + Ust + (von - Ronis) = Aerrsgn(is) 8)

where Aerr = (tgr + ton — toff)fsUdc + Vin [26].
In order to suppress non-ideal current harmonics and torque ripples, compensation for nonlinear
distortion of VSI is necessary.

2.3. Problem Formulation

Generally, electromagnetic torque control of PMSM is implemented by controlling phase currents.
In conventional drive systems, the d-q reference frame-based control strategy is commonly used,
as shown in Figure 2. The three-phase AC currents is in stator windings are projected onto d-axis
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and g-axis through coordinate transformation to get the control variables iq and iq. Since the d-axis
and q-axis are always kept parallel and perpendicular to rotor poles, respectively, the problem of the
AC current control is converted into the problem of DC current control. iy and iq are tracked by two
closed-loop current controllers, respectively. As a result, control voltages u4 and 14 are output and
coupled into three-phase terminal voltages us by inverse coordinate transformation.

dq >
x —> PWM
: abc >
Iy . :®< Phase current [ /.. 3
dq :’~ | = <--— reconstruction ; f VSI
abe € f—Q———————— —— — — — —t—%
Q)< [
O ——— )

¥
PMSM

Figure 2. Diagram of conventional current control system of PMSM.

In order to simplify the system structure, there has been a new research interest in recent years
that adopts phase current reconstruction instead of traditional direct measurement (that is, replaces A
with B in Figure 2). Through this technique, three-phase currents can be reconstructed with a single
DC-link current sensor according to the switching state of VSI. In this way, the number of current
sensors required in the feedback channel can be reduced; while in the control channel, the conventional
strategy based on the d-q reference frame is still used.

In fact, the transformation from sampled current 4. to control variables iy and iq in a system
based on phase current reconstruction is a process of DC-AC-DC, as shown in Figure 3. If the measured
DC-link current 4. can be directly used as the control variable of phase currents without reconstruction
and coordinate transformation, system structure may be further simplified.

s
— . . [/ .
e : Phase current Coordinate . Direct current
reconstruction transformation 2 control

DC AC DC

Figure 3. Transformation from sampled current to control variable.

Hence, a novel control strategy is proposed in this paper. It can be seen in Equation (4) that the
electromagnetic torque of PMSM is linearly related to the amplitude of phase currents in-phase with
back EMFs. Thus, we can directly divide the problem of phase current control into two parts, that is,
phase control and amplitude control. Phase control can be implemented by following the phase angles
of back EMFs; while the amplitude of phase currents can be directly controlled by DC-link current.
In this way, we can get the required phase currents and finally achieve the purpose of electromagnetic
torque control.

3. Proposed Method

In this section, a DC-link current control method of PMSM is proposed. Firstly, we discuss how to
determine the relationship between the amplitude of phase currents and DC-link current, and then
design a reference DC-link current. Secondly, we describe how amplitude control of phase currents is
implemented on the DC side of VSI by tracking the designed reference DC-link current, and how phase
control is implemented by AC-side PWM following the phase angle of back EMEF. Finally, a discussion
is provided for the proposed method. A detailed introduction is given as follows.

3.1. Design of Reference DC-Link Current

In order to control the amplitude I of phase currents by DC-link current I4, first we determine the
relationship between I4. and I.
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According to the law of energy conservation, the input and output power of VSI can be expressed as

Ugclge = ugis + U;Frris (9)
where ulis represents the power consumption of PMSM, and v/,.is represents the power loss due to
nonlinear distortion of VSI.

Substituting Equations (1) and (8) into Equation (9) gives
.T. dig . T. TN -
Ugelge = Rigis + Lﬁzs + e'is + Aerrsgn(is )is (10)
According to Equations (2) and (3), it is easy to know igis =31%/2, (dig /dt)is =0, elig = 3pml/2,
sgn(il)is = If(6e), and f(Be) = |sinBe|+|sin(0e—/3)|+|sin(Be+271/3)|. Thus, Equation (10) can be
rewritten as

Uselae = (U + Aerrf (00) ) )

where U = RI + pymwm can be approximated as the amplitude of terminal voltages us in steady state.
According to the principle of PWM, there is a physical relationship between DC-link voltage and
the amplitude of AC voltages as follows:

uamp = pkuUqc (12)

where Uamp represents the amplitude of modulated AC voltages u,c, p represents the modulation ratio
of PWM, which is the amplitude ratio of modulation wave to triangle carrier and thereis 0 < p <1;
ky represents the maximal utilization of DC-link voltage for a certain PWM mode. In SPWM mode,
ky = 0.5; while in SVPWM mode, k, = 0.577 [27,28]. In order to output the expected terminal voltages
us, modulated AC voltages u,c should compensate for nonlinear distortion very. That is, tac = ts + Verr,
as shown in Figure 4. Thus, there is Uamp = U + Aerr-

A

Uamp _____ i — | | -
err
A a : Modulated AC voltages Uy :
U | [—— Expected terminal voltage #| |
|
! |
>

|
Vg === === ————— b Sl L.

Figure 4. Diagram of inverter nonlinearity compensation.
Submitting Equation (12) into Equation (11) gives

3 2 Aerr ] (13)

hae = Sokl] 1+ (3000 -1 7

Generally, Aerr is very small for most MOSFETs and Schottky diodes. Therefore, it can be
considered that (2f(6e)/3 — 1)Aerr/Uamp < 1, and then Equation (13) can be approximated as

3
Igc = Epkul (14)

Based on Equation (14), we can directly convert the measured I4. to I and design the amplitude
controller of phase currents with conventional control variable p. In this way, the fundamental
amplitude U of terminal voltages is adjusted with p, but harmonic distortion Aerr = (tgt + ton —
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toff)f sUdc + Vin is almost unchanged with a constant Ug.. Obviously, the THD of u,c will increase as p
is reduced. Therefore, the current control performance may deteriorate when the modulation ratio of
PWM is low (such as low-speed and low-power situations).

Extensive studies have shown that increasing the utilization for DC-link voltage is beneficial to
suppress switching losses and nonlinear distortions of VSI [29-31]. In order to avoid the deterioration
of control performance caused by low modulation ratio, we locked the modulation ratio p = 1 to
achieve the maximal utilization of DC-link voltage when PMSM works in the low speed range. Hence,
the reference DC-link current I, for an expected amplitude I" of phase currents can be designed from
Equation (14) as

* 3 *
Ty = Skl (15)

3.2. Implementation of Current Control

Based on the reference DC-link current in Equation (15), the implementation method for phase
current control was designed and the schematic diagram is shown in Figure 5. Since we decoupled the
problem of phase current control into the problems of amplitude control and phase control, the control
method was designed by two steps accordingly.

— DC-DC converter |

|

I'VSI |

R U, A i I3

E; |Phase Phase Phase :
sdurce | c

Nzt I = T

|

J

Figure 5. Schematic diagram of the proposed method.

Firstly, amplitude control of phase currents is achieved on the DC side of VSI through tracking
the reference DC-link current. It can be seen in Equation (12) that the DC-link voltage U4 should be
adjustable to control Uamp since the modulation ratio is set to p = 1. In order to achieve the expected
amplitude I" of phase currents, the corresponding DC-link voltage in steady state should be given as

1 -
Udclj=p» = E uampllzp = E(RI + PPm@m + Aerr) (16)

Hence, an open-loop controller can be designed to achieve I by simply supplying the DC link
with Ugcls = + if the model in Equation (16) is accurate enough. However, there are inevitable parameter
uncertainties and unmodeled dynamics in actual systems, which may limit the accuracy of open-loop
control. Therefore, it is necessary to design a closed-loop current controller.

Since I' can be converted to the reference I3, by Equation (15), DC-link current I4. is directly
used as the feedback of closed-loop controller without phase current reconstruction and coordinate
transformations. The controller U}, is designed as

t
X - - 1
Uy = (KPIdc + Klf(; Idch) - E(pﬁbmwm + Aerr) (17)



Energies 2020, 13, 546 7 of 16

where I3 = I — Lac; Kp and K are proportional and integral gains of the controller, respectively. The
controller in Equation (17) consists of two parts, that is, a proportional integral (PI) controller and a
feedforward compensator.

Based on the controller in Equation (17), the closed-loop control system for the DC-link current
is shown in Figure 6. In Figure 6a, the DC-DC converter is utilized to produce DC-link voltage Ugq,
according to the controller output U}, by using DC-side PWM,; the transfer function 1/(Lgcs + Rqc)
represents the equivalent model of stator windings on DC side; Rq. and L4, represent equivalent
resistance and inductance on DC side, respectively. Furthermore, Figure 6a can be simplified to
Figure 6b if both dynamic and steady-state errors of DC-DC converter are denoted by the lumped
disturbance d and Ugc = U + 4.

By tuning controller gains Kp and Kj, DC-link current I4. can track its reference I} accurately.
Simultaneously, the amplitude of terminal voltages is adjusted corresponding to DC-link voltage Ugc.
In this way, amplitude control of phase currents can be achieved, as shown in Figure 6.

[
DC-link current controller ~ Equivalent controlled system

Figure 6. Implementation of DC-link current control. (a) schematic diagram of control system;
(b) simplified diagram.

Secondly, phase control of phase currents is achieved on AC side of VSI through following the
phase angle of back EMF. In order to ensure that each phase current is always in-phase with the
corresponding back EMF, the modulation wave of AC-side PWM should be determined to generate
the expected terminal voltage.

As shown in Figure 4, the modulated AC voltage with inverter nonlinearity compensation is #,c =
Us + Verr. Thus, the expected AC voltages in steady state can be given by

e = g+ Verr = (Uzmp — Aerr)S(Oc +0) + Aerrsgn[S(Oe + 0)] (18)

where u}, and ug represent the expected modulated voltages and terminal voltages, respectively;
Uzmp is the amplitude of u;; 6 is a phase advance angle that compensates for system delay and the
impedance angle; S(8e + 0) = [sin(Oe + 0), sin(Oe + 6 — 271/3), sin(Oe + 6 + 271/3)]T. Generally, the phase
advance angle 6 can be obtained by offline measurement or online estimation [32,33].

Since U, is controlled by U . on DC side and the modulation ratio of AC-side PWM is set to

p =1, the modulation wave should be the normalized waveform function of u}, that is

u;c Aerr Aerr
= ——=(1-——-)S(0e+ ) + ———sgn|S(Oc+ 6 19

It can be seen in Equation (19) that the output U7, . of DC-side controller also needs to be used
for modulation wave generation on AC side in order to realize accurate nonlinearity compensation.
In this way, the expected terminal voltage can be generated by AC-side PWM with the modulation
wave p in Equation (19).
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Finally, phase current control of PMSM is implemented by controlling the amplitude and phases
separately. Since the electromagnetic torque is linearly related to the amplitude of phase currents in
MTPA mode according to Equation (4), the proposed DC-link current control method can achieve
electromagnetic torque control.

3.3. Discussion

Considering that the torque performance of PMSM is susceptible to nonlinear distortion of VSI in
low modulation area of PWM, a DC-DC converter is usually used to provide DC-link voltage adapting
to the operating point of PMSM, especially for motor drives with a wide speed range [31,34]. Based
on similar topologies, we lock the modulation ratio p = 1 and achieve amplitude control with the
maximum utilization for DC-link voltage to improve the control accuracy in the proposed method. On
the other hand, amplitude control of the proposed method can also be achieved with conventional
control variable p if the DC-DC converter is not used.

Compared with conventional current control methods, the one proposed here has certain
advantages in simplicity and practicality since the implementation only needs one current sensor and
controller without complex coordinate transformations.

4. Experimental Results

In order to verify the proposed DC-link current control method, an experimental platform was
built in this study, which consisted of a test PMSM, a load motor and a drive and control board,
as shown in Figure 7. The angular position/speed sensor is a resolver mounted on the PMSM. The
main parameters of PMSM are listed in Table 1.

Figure 7. Experimental platform.

Table 1. Main parameters of test PMSM.

Pole Pairs 2 Rated Voltage 3000 r/min
Torque coefficient 0.09 Nm/A Phase resistance 120
Sliding friction 0.06 Nm Phase inductance 2mH

The drive and control board uses DSP-TMS320F28335 as the microprocessor and integrates the
DC-DC converter, VSI circuit, current detection circuit and resolver-to-digital conversion circuit, and so
on. The current sensor is a current shunt monitor INA286 from the Texas Instruments Company. The
switching device of VSl is a MOSFET IRFR3910 from the Infineon Company, and the anti-parallel diode
is a FYP2006DN from the Fairchild Company. The switching frequency was set to 15-kHz. Considering
the propagation delay of the driver IC, the dead time was set to 1us.

To directly reflect current control accuracy, only the current loop was closed in the experiment.
The expected amplitude of phase currents was given as I' = 0.6A and I' = 2 A respectively to verify
the performance of the proposed method under a steady state. According to Equation (15), the
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reference DC-link current under SPWM mode should be set as I} = 0.45 A and I} = 1.5 A, respectively.
Then, a reference current with step change was given to verify the dynamic performance of the
method proposed.

4.1. Current Control With I;C =045A

First, the expected amplitude of phase currents is set to I' = 0.6 A. Thus, the reference DC-link
current of the proposed method should be given to I} . = 0.45 A according to Equation (15). The classic
iqg = 0 control method based on three-phase currents feedback is adopted to compare with the proposed
method under the same conditions.

In the experiment, the drive and control board was powered by a DC voltage source Usource =
45V, and the DC-link voltage of the proposed method was adjusted by a DC-DC converter around
4.5 V. In order to ensure the rationality of the comparison, the DC-link voltage of ig = 0 control was
reduced to Ug. =5 V through DC-DC converter to achieve similar utilization. The current control
results of the two methods are shown in Figures 8 and 9, respectively.

P p
< 0f
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06 -
< -
o < s

06 -

06

<
sl

06 et

1
Time/sec

Figure 8. Current control results of ig = 0 control.
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(a) (b)

Figure 9. Current control results of proposed method. (a) Phase currents; (b) DC-link current.

In Figures 8 and 9a, it can be seen that the phase current results of the proposed method and ig =
0 control both have amplitudes close to 0.6A. In order to compare the accuracy of controlled phase
currents more clearly, we removed the fundamental component of each waveform in Figures 8 and 9a
by fast Fourier transform (FFT), and the extracted harmonic components are shown in Figures 10
and 11, respectively.

By comparing Figures 10 and 11, it can be seen that the harmonic content in the three-phase currents
controlled by the proposed method is higher. However, the maximum amplitude of harmonic currents
in Figure 11 is only about 0.05 A, which is much smaller than the fundamental amplitude 0.6 A.

Furthermore, we can evaluate the torque performance of PMSM based on current control results.
According to (4), the ideal electromagnetic torque generated by three-phase sinusoidal currents with
an amplitude of 0.6A should be T; = 1.5 X 0.09 x 0.6 = 0.081 Nm; and the actual electromagnetic
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torque can be approximately calculated by Te = e'is/wm. Therefore, we measured the actual back
EMF waveforms of test PMSM with unit speed (that is, e/wn) in advance, and the result within one
mechanical period is shown in Figure 12.
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Figure 10. Harmonic currents of iy = 0 control.
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Figure 11. Harmonic currents of proposed method.
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Figure 12. Back electromotive force (EMF) waveforms of test PMSM with unit speed.

Then, according to the results of three-phase currents in Figures 8 and 9a, the actual electromagnetic
torque achieved by the proposed method and ig = 0 control can be evaluated, respectively, and the
results are shown in Figures 13 and 14. It can be seen that the amplitudes of torque ripples in Figures 13
and 14 are similar. The peak-to-peak value, average value and standard deviation of the two evaluated
torques are listed in Table 2. The comparison between the proposed method and iq = 0 control shows
that each statistical value of the two evaluated torques is very similar. Therefore, the experimental
results demonstrate that the proposed method can achieve similar torque control performance to iq =0
control under the same conditions.

0.1

0.06 L L L

1
Time/sec

Figure 13. Electromagnetic torque of iy = 0 control.
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Figure 14. Electromagnetic torque of proposed method.

Table 2. Statistics of evaluated torque.

Statistical Value (Nm) iqg = 0 Control Proposed Method
P-P value 0.009646 0.010592
Average value 0.080794 0.080149
Standard deviation 0.001528 0.001854

4.2. Current Control With I;C =15A

In order to further verify the control performance of the proposed method under different
conditions, we increased the load of test PMSM and set I' = 2 A. Thus, the reference DC-link current of
the proposed method should be given as I} . = 1.5 A according to (15), and the electromagnetic torque
achieved should be T, = 1.5 x 0.09 x 2 = 0.27 Nm.

Similar to the previous experiment, we reduced Ug. to 9 V through DC-DC converter in the
comparative experiment of iq = 0 control to ensure the similar utilization since Uy, of the proposed
method was adjusted around 8.5 V. The current control results of the two methods are shown in
Figures 15 and 16, respectively.

1
Time/sec

Figure 15. Current control results of iy = 0 control.

T T T T
2 o~ >

L . 1 L .
0 05 1 15 2 25
Time/sec

i i i
0 05 1 15 2 25
Time/sec

(a) (b)
Figure 16. Current control results of proposed method. (a) Phase currents; (b) DC-link current.

It can be seen that both of the amplitudes of the three-phase currents in Figures 15 and 16a were
about 2 A. After removing the fundamental waves by FFT, harmonic components of the controlled
phase currents in Figures 15 and 16a were extracted, as shown in Figures 17 and 18, respectively.
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Although the harmonic content in phase currents controlled by the proposed method was higher
than that of ig = 0 control, the maximum amplitude of harmonic currents is only about 0.1A that far
less than the fundamental amplitude. Therefore, the influence of these harmonics on electromagnetic
torque is very limited.

PIRV o WO . ST -0 WY, N S A
e L S Vi LGV N N

LA
°

L L L L L
05 1 15 2 25

< o U . Y VY. R . .
K W ML ATl AV V LA AV LA VAl W) o

02 L L L L L
0 05 1 15 F 25

i’ 0 \WM%.-MA«;,Q%‘%,..NN «WW\,MCT\Wwﬁ

L . L |
05 1 15 2 25
Time/sec

Figure 17. Harmonic currents of ig = 0 control.
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Figure 18. Harmonic currents of proposed method.

Based on the results of controlled phase currents in Figures 15 and 16a, the electromagnetic torque
achieved by the proposed method and ig = 0 control was evaluated by Te = elig/wm, respectively. The
waveforms of the evaluated torque are shown in Figures 19 and 20. It can be seen that the amplitudes
of torque ripples in the two waveforms were similar. Table 3 provides the statistics of the evaluated
torque in Figures 19 and 20. The deviation of each statistical value between the proposed method and
iq = 0 control is within the order of magnitude of 1073 Nm. Therefore, it can also be demonstrated
under current conditions that the torque performance achieved by the proposed method and iy =0
control is almost equivalent.

£ oA AN O A = P A N W W = ¥
R AR A VARV A A S W G

L L L
0 05 1 15 2 25
Time/sec

Figure 19. Electromagnetic torque of iy = 0 control.

Table 3. Statistics of evaluated torque.

Statistical Value (Nm) iqg = 0 Control Proposed Method
P-P value 0.025168 0.028928
Average value 0.269608 0.267609

Standard deviation 0.005123 0.005910
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Figure 20. Electromagnetic torque of proposed method.
4.3. Current Control With Step Change of I’}

In order to verify the dynamic performance of the proposed method, the reference DC-link current
was given as a step change from I’} = 0.64 A to 1 A. Ideally, the electromagnetic torque of test PMSM
should step from 0.115 Nm to 0.18 Nm according to Equations (4) and (15).

If the proposed method and ig = 0 control are given the same closed-loop gain and bandwidth by
adjusting controller parameters, the current control results are shown in Figures 21 and 22, respectively.

iJA

Time/sec

Figure 21. Current control results of iy = 0 control.
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Figure 22. Current control results of proposed method. (a) Phase currents; (b) DC-link current.

Then, actual electromagnetic torque achieved by the two methods can be estimated from the
results of three-phase currents in Figures 21 and 22, respectively, as shown in Figures 23 and 24. It can
be seen that the overshoots of electromagnetic torque in Figures 23 and 24 are almost equal and the
settling times are similar. The experimental results indicate that the step response of the proposed
method and ig = 0 control is similar under the same closed-loop control gain and bandwidth.

In the experiment described by this paper, the proposed DC-link current control method of PMSM
was verified under steady state and dynamic conditions. The classic ig = 0 control method with
three-phase currents feedback was used for comparative experiment. Experimental results show
that the proposed method can realize high-accuracy phase current control by directly controlling the
DC-link current of VSI, and is almost equivalent to ig = 0 control in terms of torque control performance.
Therefore, the proposed method can provide simple implementation for phase current control of PMSM,
since it only needs one current sensor and controller without complex coordinate transformations.
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Figure 23. Electromagnetic torque of iy = 0 control.
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Figure 24. Electromagnetic torque of proposed method.
5. Conclusions

In this paper, a simple current control method of PMSM is proposed. The problem of three-phase
current control was solved by controlling the amplitude and phases separately. Based on energy
conservation between the DC and AC sides of VSI, amplitude of phase currents was controlled by
a closed-loop controller that directly tracks the DC-link current. On the other hand, current phases
were controlled by AC-side PWM with modulation waves following the phase angles of back EMFs.
Nonlinear distortion of VSI was compensated during the control process. As a result, phase current
control of PMSM can be implemented by a single current sensor and controller without complex
coordinate transformations. Experimental results show that the proposed method can achieve similar
torque control performance as iq = 0 control with three-phase currents feedback.
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