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A Single Sampling Double Update Modulation Method to Enhance Low-Carrier
Ratio Operation

Chun Wu

Abstract—To solve problems of low-accuracy synthetic voltage
vector, large current ripple, and poor stability in sensor/sensorless
control of permanent-magnet synchronous motors (PMSMs) under
low-carrier ratio operations, a single sampling double update space
vector pulsewidth modulation (SSDU-SVPWM) is proposed. In
this method, the phase current is sampled only once, however
the target voltage vector is calculated once but update twice in
one PWM period. Each PWM period is divided into the first half
and the second half. Two voltage vectors with the same amplitude
and different delay angles are executed in the first and the second
half, respectively. In comparison with the traditional method of
compensating an average delay angle of 1.57, the proposed SSDU-
SVPWM compensates 1.25T and 1.757 for the first half and the
second half sequentially. It reduces the synthetic error of the target
voltage vector, lowers the phase-current ripple, and improves the
efficiency and stability of the system. Finally, the effectiveness of
the proposed scheme was verified both on sensor and sensorless
control of PMSMs.

Index Terms—Low-carrier  ratio,  permanent-magnet
synchronous motor, single sampling double update, space vector
pulsewidth modulation (SVPWM).

I. INTRODUCTION

ERMANENT-MAGNET synchronous motors (PMSMs)

have been widely used in high-speed and high-power ap-
plications, such as vacuum cleaners, electric vehicle motors,
and so on because of their high efficiency and high reliability.
The carrier ratio is defined as a ratio of pulsewidth modulation
(PWM) frequency (fpwm) to motor fundamental frequency (fe),
i.e., Nratio = fpwm / fo. Implementing stable and efficient oper-
ations of PMSM under low-carrier ratio has important research
and application value. In practical applications, the switching
frequency of the power semiconductor is usually limited (below
30 kHz) due to the constraint of power switches [1], [2]. When
the carrier ratio decreases with the increase of motor speed, both
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the phase delay and the output voltage amplitude attenuation
caused by the digital delay of the processor and the update
delay of the inverter will be magnified, resulting in increases
of the current/torque ripple, the dg-axes current coupling, and
the instability of the system.

To improve the stability of the system under low-carrier
ratio, many literatures have presented fruitful achievements in
designing current-loop controller, shortening sampling time, re-
ducing the harmonic effect, optimizing space vector pulsewidth
modulation (SVPWM) and so on. To reduce current coupling,
an improved method for complex vector decoupling is proposed
in [3] and [4], which improves the dynamic characteristics of the
current loop. The influence of the current single sampling PWM
single update (SSSU) is analyzed and a compensation with a
1.5T; average time delay is proposed in [5], which is verified
extensively and widely adopted in nowadays motor drives. In
comparison, the double current sampling and double PWM
update (DSDU) can reduce the delay time by half, i.e., 0.757,
and can reach a lower carrier ratio operation [6]. Recently, a
multisampling and PWM multiupdating (MSMU) method is
proposed, which samples N times current and compares the new
update target voltage with the carrier wave in one switching cycle
to reduce digital delay [7], [8]. Later, adopting the principle of
the MSMU, an improved deadbeat control of PMSMs samples
the phase current at a very high frequency, | MHz, and calculates
the desired output voltage at every sampling instant, which
can reduce the digital delay into 0.257; to 0.7575. Hence, it
achieves smaller current ripple and lowers total harmonic dis-
tortion (THD) [9]. Furthermore, a simplified attempt is to sample
phase current four times and update PWM twice in one switching
cycle to enhance the high-speed operation of PMSM drives, in
which the digital delay is reduced to 0.575 [10]. Nevertheless,
the aforementioned methods almost require isolated current
sensors, fast analog-to-digital converters (ADC) and advanced
control chips, such as field-programmable gate arrays (FPGAs),
which needs higher cost, larger printed circuit board, heavier
calculations, and will not be adopted in low-cost drives.

Plenty of literatures improve the PMSM control performance
under low-carrier ratio by optimizing the current controller or
reducing the sampling and control delay. However, most of them
require expensive hardware. From another aspect, the SVPWM
strategy maybe be modified, and then, a precise voltage can be
generated to reduce the synthetic error. One solution is to design
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optimized modulation methods to reduce current harmonics
under low-carrier ratio, include an online calculation SVPWM
[11], a current harmonic minimization SVPWM [12], and a
multimode SVPWM [13], etc. Nevertheless, these methods only
operate switching angles, cannot reduce the voltage synthetic
error. Another attempt is to divide a PWM period into three equal
parts, and every part has its own voltage vector to reduce the
voltage synthetic error. This method can reduce the current THD
and torque ripple in the deadbeat predictive torque control for
PMSM drives [14]. However, it will cause more switching times
and increase switching loss. Furthermore, a novel SVPWM
strategy is proposed in [15], which can reduce the error of
synthetic voltage vector under low-carrier ratio. This method
at most requires three synthetic voltage vectors in one PWM
period. Nevertheless, this method has a big disadvantage of
complex calculation, and does not consider a smooth transition
between different vector switching in one PWM period, resulting
in a fluctuation of phase current during the vector switching.
Aiming at these problems of weak stability, complex im-
plementation, and poor robustness to motor parameters under
low-carrier ratio, this letter proposes a single sampling double
update SVPWM (SSDU-SVPWM) to enhance the low-carrier
ratio operation. The key idea of this method is to consider
the motor rotation speed in the first and the second half of
a PWM period. Then, different delay angles are compensated
with respect to each half, which means that two voltage vectors
with the same magnitude, but different phases are executed in
the first and the second half. It can reduce the voltage error
caused by motor rotation and improve the stability of the system
under low-carrier ratio. Finally, the effectiveness of the proposed
method is verified in both sensor and sensorless control drives.

II. PROPOSED SSDU-SVPWM

In this section, we will analyze the difference between the
traditional SVPWM and the proposed SSDU-SVPWM from
two aspects of phase delay compensation and voltage amplitude
attenuation and give the implementation of the SSDU-SVPWM.

A. Conventional Single Sampling Single Update Modulation

Due to PWM execution delay from the PWM calculation to the
voltage really acts on the motor is from 75 to 275. According to
the conventional average angle compensation in [5], an average
compensation angle 1.57; consisting of one T digital control
delay and a half T inverter delay, where T is the PWM cycle.

As shown in Fig. 1, rotating synchronous coordinate frames
of sampling time k7T and delay kT + 1.257, kT + 1.5T, and
kTs + 1.75T are represented by dy g, d; g, d, q4, and df gy,
respectively. The output voltage vectors corresponding to ds ¢s,
d; qi, dg g4, and dy gy coordinate systems are vs7vé7vg, and
v!, respectively. The voltage transformation from dg-axes to
«af-axes is given by

uly = wh,e’’ (1)
where uj, represents the given voltage, uy 4 represents the
expected voltage applied to the motor, and 0, represents angle
between the dg-axes and the a/3-axes.
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Fig. 1.
sequence.

Rotating synchronous reference frames corresponding to each time

As shown in [5], for the SSSU modulation, the voltage am-
plitude attenuation, and the average delay angle in the inverter
delay interval [T, 27] can be derived as

1 2T ( o)

® * J(weT+0c

af = —/ Uy € dr
T Jr,

= K2-¢ (03+0e)u2q )

]

where K¢ and 62 are the voltage amplitude attenuation factor
and average delay angle of interval [T, 27], respectively. The
voltage amplitude attenuation factor K, is defined as a ratio of
the achieved voltage to the expected voltage.
{ K& = -2 sin ()

u Tswe

6° = 1.5T.w. )

where w, and 6, represents the speed and angle used by the
controller, respectively. uy, represents the given voltage, and
u,, ; represents the average voltage applied to the motor. The
superscript a is the average of interval [T, 275].

B. Proposed Single Sampling Double Update SVPWM

As shown in Fig. 1, the inverter delay interval [T, 275] is
divided into two parts: [T, 1.57] and [1.57, 2T;]. The voltage
amplitude attenuation and delay angle of these two half delay
intervals can be calculated as

1.5T, ‘
/ uzqej(“’cTwc)dT
Ts

2T, 4
+ / uzqej(“e”ee)ch)
15T,

=K. ej(9i+9°)uzq + K¢ - ej(OF{*e“)uzq 4)
K =

. we Ty
= 7o sin (U)
0 = 1.25T,w, (3)
0 = 1.75T we

where K is the voltage amplitude attenuation factor of interval
[Ts, 1.5T,] and [1.5T5, 275, and 6: and 07 are the average delay
angles of intervals [T, 1.57] and [1.57 27T], respectively.
To implement the compensation algorithm of the SSDU-
SVPWM, only the voltage amplitude attenuation and delay
angles need to be compensated with respect to each half interval,
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Fig. 2. Curves of voltage amplitude attenuation factor.
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Fig. 3.
sectors.

Vector synthesis of the SSDU-SVPWM. (a) Same sector. (b) Different

expressed as

udq = K7§7 [Tsu 2TS] (6)
o [ 0e+0,, [Ty, 1.5T
b = { 0.+ 065,  [1.5Ty, 2T, )

where uy, is the given voltage after the compensation, and 0r
is the angle used for inverse Park transformation after compen-
sation.

C. Voltage Amplitude Attenuation Analysis

The relationship of the voltage amplitude attenuation factor
between the traditional method and the proposed method can be

derived as
K oI
= K—Z = cos <w4> (8)

where 1 is the amplitude attenuation ratio of the aforementioned
two methods. When 0 < w.Ts < 27,0 <m <1, the K is
always smaller than the K. The SSDU-SVPWM can improve
the voltage amplitude attenuation problem caused by low-carrier
ratio and reduce the phase current ripple and torque ripple. The
curves of the attenuation factor with respect to the change of
velocity at fwm = 1 kHz are shown in Fig. 2.

D. Switching Sequence of SSDU-SVPWM

Fig. 3 shows the steps of voltage synthesis, the v’ and v
vectors are synthesized by the first and second half PWM cycle,
respectively. Then, these two vectors can be combined into
the average vector v¢ in the traditional method. Fig. 3(a) and
(b) corresponds to the switch sequences of Fig. 4(a) and (b),
respectively. Fig. 4 shows the asymmetric PWM waveforms
in the same sector (the v’ and v/ are in the same sector)
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Fig.4. Switch sequences of the SSDU-SVPWM. (a) Same sector. (b) Different

sectors.

and different sectors (the v and v{ are in different sectors).

According to the average value equivalent principle, the output

voltage vector within a switching period 75 can be synthesized

from some zero vectors and nonzero vectors [16]. The vector
action time of the SSDU-SVPWM are calculated by (9)-(11).

1) Calculate vector angles for the first and second half PWM

cycle as follows:

0l = 05 + 1.25Tsw,

{esf = 0 + 1.75Tsw, ©)

2) Calculate the action time for active vectors and zero vec-

tors as follows:

Ti = mTysin (5 — 6)

T = mT,sin 0! (10)
Tg =T — Tli - T2i

T = mTysin (% — 6)

T2f = mT,sin 6] (11)

T =1, -1 —T]

where the superscript i and f represent the first and the
second half in one PWM cycle, respectively. Angles 0, 62,
and 0/ represent angles between the voltage vector and
the adjacent nonzero odd vector (0 < 65 < 7/3), where
the nonzero odd vector are V1(1,0,0), V3(0,1,0), and
V5(0,0,1). m is the modulation index defined by

m— \/g ‘Uout|
Udc

where v, is the output voltage vector and Uy is the bus
voltage.

12)

III. EXPERIMENTAL RESULTS

The block diagram of the whole control system is depicted in
Fig. 5. To validate the effectiveness of the proposed method, an
experimental platform is set up, shown in Fig. 6. The parameters
of the test PMSM drive are listed in Table I. A comparative
experiment is carried out in a digital signal processor (DSP)
TMS320F28335 to compare the control performance of the
proposed method with position sensor and sensorless control.
The PWM frequency and the sample frequency are both 1 kHz,
and the current is sampled by two shunt-resistors on low-side
bridges. The model reference adaptive system (MRAS) speed
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Fig. 6. Experimental platform.
TABLE I
PARAMETERS OF THE TEST PMSM
Parameters Values Parameters Values
Rated voltage 48V Pole pairs 5
Rated current 10 A Stator resistance 0.165Q
Rated speed 3000 r/min d-axis inductance 0.181 mH
Rated torque 1.27N'm g-axis inductance 0.185 mH

observer is designed with a trapezoid Euler discretization [17].
The real position and speed obtained by 2500-line encoder are
used for sensor control and comparison. The estimated position
and speed of MRAS are used for sensorless control. w; is the
given speed. 6" and wi" are the position and speed of the
encoder, respectively. 0. and &, are the estimated position and
speed of MRAS, respectively. Aws" is the speed error within
the sensor control and is denoted as (w — w?). Af, and Awe
are the position error and speed error in the sensorless control,
respectively. Af, is denoted as (6, — 6"), and Awe is denoted
as (@ — w).

A. Steady-State Control Performance Test Experiment

To verify the steady-state control performance of the pro-
posed SSDU-SVPWM, the following experiments at 2000 r/min
(N:atio = 6) under 50% rated load are implemented. The exper-
imental results of the conventional method and the proposed
SSDU-SVPWM based on sensor control are shown in Fig. 7(a)
and (b), respectively. The speed error of the conventional method
is 36.4 r/min, and the phase current is 16 A. Meanwhile, the
speed error of the proposed method is 21.8 r/min, and the phase
current is 14 A.

The experimental results of the conventional method and the
proposed SSDU-SVPWM in sensorless control are shown in
Fig. 8(a) and (b). The position estimation error of the conven-
tional method is 8.8°, the speed estimation error is 27 r/min, and
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Fig. 7. Steady-state control performance of the sensor control at 2000 r/min
( Nratio = 6) under 50% rated load. (a) Conventional SVPWM. (b) Proposed
SSDU-SVPWM.
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Fig. 8. Steady-state control performance of the sensorless control at
2000 r/min ( Nyatio = 6) under 50% rated load. (a) Conventional SVPWM.
(b) Proposed SSDU-SVPWM.
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Fig. 9. Extreme test of the sensor control at 3000 r/min speed command
( Nratio = 4) under 50% rated load. (a) Conventional SVPWM. (b) Proposed
SSDU-SVPWM.

the phase current is 16 A. In comparison, the position estimation
error of the proposed method is 5.8°, the speed estimation error
is 22.5 r/min, and the phase current is 14 A.

The aforementioned experimental steady-state control per-
formance show that, in comparison with the traditional method,
the proposed method has merits of smaller phase-current rip-
ple, higher position estimation accuracy, and better steady-state
performance.

B. Lowest Carrier Ratio Experiments

Furthermore, to compare the lowest carrier ratio operation,
the following experiments from zero speed to a given maximum
speed under 50% rated load are implemented. The maximum
speed within sensor control is 3000 r/min. Fig. 9(a) shows that
the speed of conventional method becomes unstable when it rises
to 2790 r/min (Nyatio = 4.3). Nevertheless, Fig. 9(b) shows that
the speed of the proposed method can remain stable even it rises
to 3000 r/min (Nyatio = 4).

Another comparison is performed in sensorless control at
the same condition of Fig. 9, as shown in Fig. 10. From
Fig. 10(a), when the speed of the conventional method rises to
1650 r/min (N;atio = 7.3), the MRAS becomes unstable, and
the position error and speed error are 28.4° and 27.5 r/min,
respectively. While in Fig. 10(b) with the proposed method,
when the speed reaches to 1650 r/min, the position error and
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Fig. 10. Extreme maximum speed test of the sensorless control under 50%

rated load. (a) Conventional SVPWM. (b) Proposed SVPWM.

speed error of are 24.1° and 4.5 r/min, respectively, which
are 4.3° and 23 r/min smaller than those of the conventional
method. Then, when the speed rises to 2925 r/min (Ny a0 = 4-1),
the position error and speed error are 32.3° and 11.8 r/min,
respectively. The maximum speed of sensorless control with the
proposed method is 2925 r/min in comparison with 1650 r/min
with the conventional method. In addition, both the conven-
tional method and the proposed method show similar con-
trol performance under high carrier ratio and have the same
problems of the estimated position/speed oscillation and long
convergence time during the standstill start-up in sensorless
control.

IV. CONCLUSION

To solve problems of instability and large current/torque
ripple of PMSM drives under low-carrier ratio, a single sampling
double update SVPWM strategy is proposed. In this method,
considering the rotation angle of the voltage vector during the
digital delay and inverter delay, the PWM cycle is divided
into the first half and the second half to generate different
voltages, thus the accuracy of voltage synthesis is improved.
The comprehensive experiments show that the proposed SSDU-
SVPWM can improve the stability and efficiency of the PMSM
drives under low-carrier ratio. In the case of half-load, the
minimum carrier ratio within position sensor control can be
reduced to 4, and the minimum carrier ratio within position
sensorless control can be reduced to 4.1. In addition, the pro-
posed method is suitable for low-side shunt-resistor current-
sensing drives, which is a low-cost current sampling topology
and convenient to be implemented. Moreover, the proposed
SSDU-SVPWM is a universal modulation method and can be ap-
plied to other-type motor drives to enhance the low-carrier ratio
operation.
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