EVTeC 2025
7" International Electric Vehicle Technology Conference 2025

20259069

Motor Current Control for High Speed Motor Drive Systems

Kantaro Yoshimoto ? Yuto Hirao " Tomoki Yokoyama "

1) Tokyo Denki University, Adachi, Tokyo, Japan

E-mail: kantaro(at)mail.dendai.ac jp

ABSTRACT: This study examines the challenges of controlling the motor currents in low-inductance motors for high-speed motor drive

systems. To achieve a compact motor design with a high-speed motor, the stator could be designed with low-inductance due to a reduced

number of turns or a coreless structure. Simulation results indicate that the large current ripple causes the motor current control error in

conventional vector control used for PMSMs with the current sampling technique synchronized to PWM. Through the analysis of the

motor current control errors, a multi-sampling current control strategy is considered to address the motor current control errors.

KEY WORDS: high speed motor, low inductance motor, multi-sampling

1. INTRODUCTION

Traction motors used for Battery Electric Vehicles (BEVs) have
been developed to minimize their size and the weight to facilitate
easy installation and reduce cost() ®), One approach to minimize
moto size is to increase rotational speed and decrease torque in
order to keep the output power and wheel torque with the high gear
ratio of the reduction gear. For high-speed motors, high-speed
homopolar-type Permanent Magnet Synchronized Motor (PMSM)
designed for 100,000 min-! has been proposed with low inductance
value of 2 uH @, In the high-speed region, iron losses would be
an issue for motor design, thus, an alternative could be coreless
motors™® which also have low-inductance values. With these low-
inductance values, large current ripples would be caused by Pulse
Width Modulation (PWM).

This study examines the challenges of controlling the motor
currents in low-inductance motors for high-speed motor drive
systems. Large current ripple causes motor current control errors
in conventional vector control strategies used for PMSMs with the
current sampling technique synchronized to PWM. Through the
analysis of the motor current control errors, a multi-sampling
current control strategy® © is proposed to address the motor

current control errors.

2. CONVENTIONAL MOTOR CURRENT CONTROL
2.1. Motor current control simulation by sampling
synchronized with PWM carrier using a prototype PMSM

To consider a motor current control for high speed motor, a
prototype PMSM was designed to have high electrical frequency
of 3300 Hz at maximum rotational speed of 8000 min"', which

corresponds to the same electrical frequency as 50000 min™' with

Table 1 Simulation conditions

Max. rotational speed 8000 min"!
Max. electrical frequency 3300 Hz
Number of pole pairs 24
Rated torque 1.7 Nm
d-axis inductance 10.1 pH
g-axis inductance 10.1 pH
Magnetic flux linkage 5.1 mWb
Armature resistance 10 mQ
Inverter DC link voltage 200V
PWM carrier frequency 40 kHz
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Fig. 1 block diagram of current control simulation

4 pole pairs. The inductance value of this prototype PMSM was
10.1 pH as the phase self-inductance in this prototype design. The
purpose of this prototype motor was to evaluate the performance
of the motor current control; Therefore, the rated power and the
torque and the torque were designed to be small values. Before the
prototyping and an experiment, the simulation was conducted on
MATLAB/Simulink with  Simscape

electrical employing
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Fig. 2 dg-axes currents in controller
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Fig. 3 dg-axes currents in continuous time

conventional motor vector control on the dq-coordinate system as
shown Fig. 1. Where, PWM carrier frequency was set as 40 kHz,
and DC link voltage was 200 V. Figure 2 shows the simulation
results of dq-axis currents sampled in the motor controller, which
the dg-axis currents were closely followed to current command
well. However, the motor currents as dq-axis currents in
continuous time were deviated from the current commands in Fig.
3. To identify the current control error, dq-axis currents processed
through a low-pass filter (LPF) were added in Fig. 3. Especially d-
axis current shows the large current offset value. It means that the
sampled currents in the motor controller had the different values
from the actual motor currents. The motor currents contain large
sideband current ripple caused by PWM carrier. Consequently, it
could be considered that the sideband current ripples as PWM
carrier frequency + or — fundamental electrical frequency are
converted to offset values of dg-axis currents as the fundamental
electrical frequency. The dq-axis currents including these
converted values of sideband current ripple were controlled to
follow the dg-axis current commands. Thus, the actual motor

currents were regulated as the dq-axis current commands plus the

offset values caused by sideband current ripple. These current
errors in low-inductance motor could lead to issues in torque

control.

2.2. Analysis of motor current control error caused by
synchronized with PWM carrier

To consider the cause of the current control errors in the
simulation, the voltage ripple and the current ripple by PWM
carrier are discussed in this subsection. The PWM carrier sideband
of voltage ripple vy (t) caused by a PWM carrier as triangular
waveform with symmetrical sampling as phase voltage can be

shown in (1).

2V, 1
v (t) = dc—w]k (n+kﬂ)EM sin{(n+kﬂ+k)z}
T 4L W/ 2 W 2
C

w,

x cos{nw.t + kwyt + nb, + kd} (1)

Where, parameters denote; Vi, : DC link voltage, M :
modulation ratio, wy: fundamental electrical angular frequency,
we: PWM carrier angular frequency, k : fundamental index
variable, n: PWM carrier index variable, 0.: phase offset of carrier
waveform , Ji(x) :Bessel functions of the first kind, & : arbitrary
phase for voltage with fundamental electrical angular frequency.
The phase voltage ripple in 3-phase motor can be represented
using (1) with phase + 2/3m . Three-phase voltage can be
transformed into rotating coordinate system synchronized with the
sideband frequency of PWM carrier as shown in (2)(3).
k=147 ork=-2,-5-8--

[th] _— [cos(k6 +nb.)

Vagh| ~ "M [sin(kd + n) (@)

k=-1,-4,-7--ork=258"-

Vdn] cos(ké + nb.)

[”qh] =" [—sin(ch +n6,) ®3)
The transformation matrix Cy, from 2-phase coordinate system

to dhgh-coordinate system® is defined as (4) and (5). Equation (4)

is the transformation matrix used for positive phase sequence as

k=147--ork =-2,-5—-8-, and equation (5) is used for

negative phase sequence as k = —1,—4,—7---ork = 2,58 .

Co — [ cos Oy, sinGh] _ [ cos wyt sinwht] @
h ™ |—sin@, cosB,| [-sinwpt coswyt

Co — [cos 6, —sin Hh] _ [cos wpt  —sinwy t] (5)
h = |sinf, cos@, |  [sinwyt coswpt

Here, the harmonic electrical angle 6y, is shown using the
harmonic electrical angular frequency wy, = tkwg + nwe.

On dhgh-coordinate system synchronized with the sideband
frequency of PWM carrier, the voltage amplitude of vy, (t) is
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expressed as V}, and voltage of dhgh-axis are defined as vqy, and
Vgn- The circuit equation on dhgh-axis is led as (6)(7), therefore,

dhqgh-currents igp, iqn as steady state can be represented in (8)(9).

k=147 ork=-2,-5-8--
Ld + L,
[vdh] _ R wh [ldh] Ld +L d [th]
Vgh] — Lq + Lq ® 2 lgh
2
- (6)
k=-1-4,—-7 ork =258
Ld +Lg
1 AP [P R T
Vah] | Lg+tLg igh 2 dtlign
- M,
2
- (7)
k=147 ork=-2,-5,-8--
[th] Vh [ sin(ké + né.) ] - (8)
lgh (Ld + Lq)wh cos(kd + né.)
k=-1,-4,-7--ork =258
[ldh] Vu [sin(kd + nGC)] - (9)
(Ld + Lq)wh cos(ké + nb.)

Equations (8) and (9) are transformed into dq-coordinate system
from dhgh-coordinate system to consider the dq-axis current errors
caused. The inverse transformation matrix Cp, and transformation
matrix € are used for this transformation as (10) in case of
positive phase sequence. As similar way, the transformation for

negative phase sequence is shown in (11).

k=147 ork=-2,-5-8--
[ coswot  sinwpt][coswpt —sinwyt
CCh = . .
|—Ssinwot coswyt] |Sinwyt  coswyt
_[cos(wog—wp)t  sin(wy — a)h)t] (10)
~ [=sin(wy — wp)t  cos(wy — wp) t
k=-1,-4,-7--ork=258"-
_1 _ [ coswot sinwgt][ coswpt  sinwyt
cc;t=| " ,
|—sinwogt  coswgt||—sinwpt coswpt
_[cos(wo+wp)t  sin(wy + wh)t] an
~ [=sin(wy + wp)t  cos(wy + wp) t

In case of k = 1,n = 2,0, = m, dq-axis currents iqq,iq12 in

(12) can be led from (8).
id12 2y cos 2wt —sin 2w t] [ siné
lq12 (Ld + Lq)wh sin2w,t  cos 2wt |l—cos§

When phase currents of PMSM are sampled at each beginning
of PWM carrier, time t in (12) can be replaced with product of
T : sampling period equal to PWM carrier period and N: number

of sampling.

[ld12] 2V [cos 47N —sin 4nN] sin§ ]
lq12 (Ld + Lg)wy Lsin4nN  cos4nN 1l—cosé§
_ 2V, sin§
(La+ Lg)wy —cos 8 - (13)

Equation (13) shows that the harmonic currents with k = 1 take
the offset values on dq-axis by sampling synchronized with PWM
carrier. In the same way, in case of k = —1, the harmonic currents
take the offset values on dg-axis. In case of k # + 1, equations
(10)(11) show that the PWM carrier sideband currents can not be
transformed into the offset value on dq-coordinate system. From
this analysis, it can be considered that the sum of the offset currents
as sideband k = + 1 of PWM carrier causes the current control

CITorsS.

3. MULTI SAMPLING MOTOR CURRENT CONTROL
3.1. Multi-sampling method to avoid the offset error

From the consideration of offset currents on dq-axis currents
caused by PWM carrier sideband of voltage ripple, the several
approaches can solve this issue. First, increasing wy, with higher
w¢ in (10) or (11) can reduce the values of igq, iq12- However,
high w, increases the switching loses of the inverter. One of other
ideas is to sample the phase currents with higher sampling
frequency in order that cos 2wt and sin 2wt in (12) do not take
constat values. Using sampling period Ts and PWM carrier period

T., equation (14) can be represented from (12).

T Ty
[idu] _ 2V, cos 47TNT_E sin 41TNT—C [ siné ]
qi2]  (Lg + Lq)wn [sin 47‘[N? cos 47TN? —cos§
c c
- (14)

From (14), the sampling period Ts must be designed smaller than
T./2. If other harmonic components of k = +1 would have large

values, the sampling period T can be considered using T, /n.

3.1. Motor current control by multi-sampling method

For the current errors in low inductance motor, the multi-
sampling method can be useful. Multi-sampling control methods
using Field Programmable Gate Array (FPGA) ® © have been
proposed and show good robustness and high response
performance. The strategy of the multi-sampling method current
control using FPGA is shown in Fig.4, which can be explained in
4 modes. During mode 1 and mode 3, the current value can be
sampled through high-speed A/D converter, then the dg-

conversion and the current feedback control are calculated in fast
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g. 4 Multi-sampling current control and its PWM
comparison strategy

control period as MHz order. The output signal as modulation ratio
can be updated at sampling and control period Ts . Once carrier
comparison happened, the modulation ration should not be
updated to avoid additional switching in mode 2 and mode 4. By
implementing mode 2 and mode 4, PWM switching frequency can
be kept as same as the original PWM carrier frequency, otherwise,
the multi-sampling control would cause a greater number of
switching.

Figure 5 shows the simulation results of controlled by the multi-
sampling control. Here, the multi-sampling controller had PI dq-
axis current controller and sampling period was set to 10 MHz. 1d
(LPF) and Iq (LPF) show the dqg-axis current in continuous time
with LPF to evaluate the offset current caused by PWM. From the
simulation results, Id (LPF) and Iq (LPF) were controlled to follow

the command without offset value compared with Fig.3.
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Fig. 5 dg-axes currents in continuous time by multi-sampling
current control

4. CONCLUSIONS
This study discussed the issues as the motor current control error
in the low inductance motors. Then, the multi-sampling current
control strategy was applied to solve the current control error and
it was validated through the motor control simulation. Towards
final manuscripts, the prototype motor with electrical frequency of
3300 Hz will be tested to verify the issues and the effectiveness of

the multi-sampling controller.
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