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Abstract: A space vector pulse width modulation (SVPWM) algorithm is an important part of the
permanent magnet synchronous machine (PMSM) drive to achieve direct current (DC) to alternat-
ing current (AC) conversion. The execution of the conventional SVPWM algorithm is a complex
process which will limit the sampling frequency of the high-speed PMSM drive. Low sampling
frequency will cause high current total harmonic distortion (THD) and eddy current loss. To increase
the sampling frequency, this paper proposes a novel simplified SVPWM algorithm. The proposed
SVPWM algorithm turns the vector composition problem of the conventional SVPWM algorithm into
an optimization problem of the dwell time of the basic vector. The proposed SVPWM algorithm has
an optimal vector dwell time (OVDT). The dwell time of the basic vector can be directly calculated by
solving the optimization problem. The proposed SVPWM algorithm does not need sector identifica-
tion compared to the conventional algorithm. The experiments of the proposed SVPWM algorithm
are performed in a high-speed PMSM drive of a flywheel energy storage system (FESS). Compared
to the conventional SVPWM algorithm, the execution time of the proposed SVPWM algorithm is
reduced by 38%. By using the proposed SVPWM algorithm, the sampling frequency can be increased
from 33 kHz to 40 kHz. With the higher sampling frequency, the current THD is reduced by 25.6%.
The effectiveness of the proposed simplified SVPWM algorithm is verified experimentally.

Keywords: SVPWM; high-speed PMSM; FESS; PMSM drive; optimal vector dwell time

1. Introduction

Energy storage systems (ESSs) play an increasingly significant role in industrial appli-
cations. Among the variety of ESSs, the flywheel energy storage system (FESS) has several
advantages, including fast response, high instantaneous power, high energy efficiency,
little maintenance tasks, and long lifetime [1–4]. As a result, FESS has been utilized in
many applications, such as electric vehicles [5,6], railways [7], wind generators [8], pho-
tovoltaic systems [9], distribution networks [10], and UPS systems [11,12]. FESS is a type
of mechanical energy storage device in which the mechanical energy is stored in a high-
rotation-speed flywheel rotor. The mutual conversion of mechanical energy and electric
energy uses a high-speed machine. Among the variety of machine types, the permanent
magnet synchronous machine (PMSM) is the most commonly used type in FESS [1,13].
To achieve PMSM control, a field-oriented control (FOC) generally applies. When the
PMSM operates at a high speed, the frequency of the current is high. The control system
with a low sampling frequency cannot offer a high control accuracy and cause a large time
delay, which will cause a high current total harmonic distortion (THD) and degenerate the
performance of the FESS [14,15]. In general, a PMSM FOC mainly includes space vector
pulse width modulation (SVPWM), coordinate transformation, and the calculation of the
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control law [16]. SVPWM is one of the time consumption processes for the FOC. The time
consumption of the SVPWM can be reduced by simplifying the SVPWM algorithm. There-
fore, simplifying the SVPWM algorithm is an efficient way for the PMSM control system to
achieve a high sampling frequency.

To simplify the SVPWM algorithm, many methods have been proposed in the past
decades. The conventional SVPWM algorithm is based on an orthogonal α–β coordinate
system. In the α–β coordinate system, the sector can be identified and the dwell time can
be calculated by the relationship among the reference vectors, Vα and Vβ, and DC-link
voltage. In [17], the effective time concept is utilized to avoid sector identification, which
can simplify the modulation task. To simplify sector identification, an improved sector
identification method that adds sign detection is proposed in [18]. In [19], a simplified
SVPWM algorithm is proposed for the multiphase machine drive, which has the two
modulation steps of offline virtual voltage vectors construction and real-time implementa-
tion. In [20], a simplified SVPWM technique is proposed for the four-switch three-phase
grid-side converter. Based on the programmable gate array (FPGA) feature, an efficient
SVPWM algorithm is proposed in [21]. In [22], virtual vectors are adopted to simplify the
SVPWM and reduce the error of reference voltage composition. In the orthogonal α–β
coordinate system, the relationship of the vector composition can be intuitively derived.
However, the α–β coordinate system is not beneficial for fast sector identification and
dwell time calculation. To simplify the SVPWM algorithm, several methods based on
nonorthogonal coordinates have been proposed. SVPWM algorithms based on the a-b-c
coordinate systems [23,24], 60° coordinate systems [25], and barycentric coordinates [26]
are proposed. For the above SVPWM algorithm, the sector is identified and the dwell
time is calculated in real time. Sector identification and dwell time calculation can also be
executed offline. Creating an offline look-up table of the relationship among the sector
identification, vector dwell time, and reference vector is an efficient way to simplify the
SVPWM algorithm. In [27], a novel look-up table, called human eyes, is established to
identify the sector. In [28–30], the relationship among the sector identification, vector
dwell time, and reference vector is established by artificial neural networks (ANNs) to
simplify the SVPWM algorithm. The time consumption of the SVPWM algorithm can be
significantly reduced by identifying the sector and calculating dwell time offline. However,
these algorithms cause high memory overhead for the micro controller unit (MCU). Using
an approximate function to establish the relationship between the duty cycle and reference
vector is also an efficient way to simplify the modulation task. The third harmonic injection
method is generally used to establish the relationship between the duty cycle and reference
vector [31,32]. However, the approximate function method would have a degenerative
effect on harmonic performance.

The purpose of the SVPWM algorithm is to compose the reference vector by using the
basic vectors. In the above algorithms, the dwell time of each basic vector is deduced from
the perspective of the vector composition of geometry. The derivation of these SVPWM
algorithms has an intuitive geometric concept, and these SVPWM algorithms have been
practically applied. However, the derivation from the perspective of geometry needs to
divide the space into several sectors or regions, which is one of the factors that increase the
complexity of the SVPWM algorithm.

In this paper, a new simplified SVPWM algorithm is proposed from the perspective
of optimization. According to linear space theory, the vector composition problem of
the conventional SVPWM algorithm can be transformed into a linear equation problem.
A linear equation is an overdetermined equation because there are enough basic vectors to
compose the reference vector. An overdetermined equation has infinite solutions which
need to find the optimal solution. Thus, the vector composition problem of the SVPWM
algorithm can be transformed into an optimization problem. By solving the optimization
problem, sector identification in the conventional SVPWM algorithm can be avoided,
which makes the SVPWM algorithm simpler. The SVPWM algorithm deduced from the
perspective of optimization has an optimal vector dwell time (OVDT), and the OVDTs of
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the 1-norm and 2-norm are adopted in this paper. The novelty and contribution of this
paper consist of:

(1) We propose a new SVPWM algorithm based on the perspective of optimization to
derive the dwell time. The theoretical derivation and the flowcharts of the proposed
SVPWM algorithm are presented. Compared with the conventional algorithm, the pro-
posed SVPWM algorithm needs less equation expression and logical judgment to
perform the modulation task.

(2) The implementation of the proposed SVPWM algorithm in a high-speed PMSM drive
of FESS is reported.

(3) We report a comparison of the execution times of the proposed SVPWM algorithm,
conventional SVPWM algorithm, and SVPWM algorithms in [17,18,31].

The remainder of this paper is organized as follows. In Section 2, the basic principle
of SVPWM is described. In Section 3, the SVPWM algorithm with OVDT is proposed,
the optimization problem is presented, and the optimal solutions of the 1-norm and 2-
norm are deduced. In Section 4, experiments are performed on a 8 kW/36,000 rpm FESS
prototype to verify the proposed SVPWM algorithm. The conclusions are drawn in Section 5.
Finally, future work is presented in Section 6.

2. Description of SVPWM of PMSM Drive

The general topology of the PMSM drive of the FESS is shown in Figure 1. To obtain a
three-phase sinusoidal current, the PMSM drive should generate a reference vector Vr in a
circular motion. The PMSM drive can generate eight vectors V0, V1, . . . , V7, as shown in
Figure 2a. V1, V2, . . . , and V6 are nonzero vectors, and V0 and V7 are zero vectors. Space
can be divided into six sectors by the six nonzero vectors. For the conventional SVPWM
algorithm, Vr is composed of adjacent nonzero vectors. When the reference vector is located
in sector I, the adjacent vectors are V4 and V6, as shown in Figure 2b. The reference vector
is composed of V4 and V6, presented as (1).

Vr =
t4

Ts
V4 +

t6

Ts
V6 (1)

where Ts is the period of the PWM signal and t4 and t6 are the dwell times of V4 and
V6, respectively.

The dwell time is generally deduced in an orthogonal α–β coordinate system, which is
presented as 

t4=
Ts(
√

3|Vα |−|Vβ|)√
3|V4 |

t6=
2
√

3Ts
3
|Vβ|
|V6 |

t0 = t7 = Ts−t6−t4
2

(2)

where t7 and t0 are the dwell times of V0 and V7, and Vα and Vβ are the projections of Vr
on the α and β axes.

Q1 Q3 Q5

Q4 Q2 Q6

CdcDC

ia
ib
ic

M

Flywheel Rotor

Figure 1. The topology of the PMSM drive of FESS.
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Figure 2. (a) The space vector of the PMSM drive. (b) The vector composition in sector I.

From (2), the duty cycles of the PWM signals can be deduced as
da=

t4+t6+t7
Ts

db=
t6+t7

Ts

dc =
t7
Ts

. (3)

The center-aligned PWM signal in sector I and the duty cycle in one period are shown
in Figure 3. The conventional SVPWM algorithm needs to identify the sector, calculate the
dwell time of the vectors, and finally obtain the duty cycles. The conventional SVPWM
algorithm has a high time consumption for the high-speed PMSM drive, which needs a
high sampling frequency.

t0 /2 t4 /2 t6 /2 t7 t6 /2 t4 /2 t0 /2

PWMc

PWMc

PWMb

60
°

120
°

180
°

240
°

300
°

360
°

0
°

0

0.4

0.8

0.2

0.6

1 da db dc

(a) (b)

Figure 3. (a) The PWM signal in sector I. (b) The duty cycle in one period.

3. Proposed SVPWM Algorithm with OVDT

The conventional SVPWM algorithm is derived from the vector composition of the
geometry. To simplify the SVPWM algorithm, this paper turns the geometrical vector
composition problem into an optimization problem.

3.1. Optimization Problem in SVPWM

To turn the vector composition problem into an optimization problem, the six nonzero
vectors are redefined as in (4).

Va = V4, −Va = V3
Vb = V2, −Vb = V5
Vc = V1, −Vc = V6

(4)

The redefined nonzero vectors are shown in Figure 4a. The purpose of the SVPWM
algorithm is to compose the reference vector through the six nonzero vectors. Figure 4b
shows the projection of the reference vectors onto the α–β coordinates. From Figure 4b,
the relationship among Va, Vb, Vc, and Vr can be deduced as in (5).

ta
Ts
|Va| − tb

2Ts
|Vb| − tc

2Ts
|Vc| = Vrα

√
3tb

2Ts
|Vb| −

√
3tc

2Ts
|Vc| = Vrβ

(5)
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where ta, tb, and tc are the dwell times of Va, Vb, and Vc, respectively, and Vrα and Vrβ are
the projections of Vr onto the α–β coordinates.

Va

  Vc
Vb

Vc

Vr

Vβ 

Vα  Va

Vb

Vc

Vr

Vβ 

Vα  

Vrβ 

Vrα 

(a) (b)  Vb

  Va

Vb

2

Vc

2

 3Vb

2

 3
2
Vc

Figure 4. (a) The redefined space vectors. (b) The vector projection onto the α–β coordinate.

When ta, tb, or tc is smaller than zero, the vector −Va, −Vb, or −Vc is applied. Linear
Equation (5) can be reformatted in matrix form, presented as (6).[

1 − 1
2 − 1

2

0
√

3
2 −

√
3

2

] ta
tb
tc

 =

[
Vα

Vβ

]
(6)

where

Va=
TsVra

|Va|
and Vβ=

TsVrβ

|Va|
.

Because Linear Equation (6) is an overdetermined equation, it has infinite solutions.
This means that the reference vector can be composed of infinite combinations of the
vectors. For the conventional SVPWM algorithm, a combination of adjacent vectors is
selected to compose the reference vector. In this paper, the proposed SVPWM algorithm
finds a combination of vectors that possesses an optimal dwell time. The optimization
problem in SVPWM can be described as

min f (ta, tb, tc)

s.t.

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

] ta
tb
tc

 =

[
Vα

Vβ

]
(7)

where f (ta, tb, tc) is the cost function.

3.2. Optimal Solution of the 1-Norm

When the cost function is 1-norm, the optimization problem is described as

min f1=‖T‖1 = |ta|+ |tb|+ |tc|

s.t.

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

] ta
tb
tc

 =

[
Vα

Vβ

]
. (8)

where T = [ta, tb, tc]T .
To solve the optimization problem, the constrained optimization problem of (8) needs

to be transformed into an unconstrained optimization problem. Substituting the constraint
condition into the cost function, the unconstrained optimization problem is presented as

min f1 = |tc + a|+ |tc + b|+ |tc| (9)
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where

a = Vα +

√
3

3
Vβ and b =

2
√

3
3

Vβ.

The minimum value of f1 should satisfy the condition of (10).

f1
′(τc1 + |ε|) > 0, f1

′(τc1 − |ε|) < 0 (10)

where τc1 is the optimal dwell time of Vc, ε is dimensionless, and f 1
′

is the first derivative
of f 1.

The first derivative of f1 can be deduced as

f1
′ = sgn(tc) + sgn(tc + a) + sgn(tc + b). (11)

where sgn is a sign function.
f 1
′
(τc1+|ε|) and f 1

′
(τc1-|ε|) can be deduced as in (12).{

f1
′(tc + |ε|) = f1

′(tc) + f1
′′(tc)|ε|

f1
′(tc − |ε|) = f1

′(tc)− f1
′′(tc)|ε|

(12)

where f 1
′′

is the second derivative of f1.
f 1
′′

can be deduced as

f1
′′ = δ(tc) + δ(tc + a) + δ(tc + b). (13)

where δ is the Dirac delta function.
According to the definition of the Dirac delta function, when tc 6= 0, tc 6=−a, or tc 6= −b,

f1
′′

is zero. Thus, f1
′
(τc1 + |ε|) is equal to f1

′
(τc1 − |ε|), which is presented as (14).

f1
′(tc + |ε|) = f1

′(tc − |ε|) (14)

According to (10) and (14), the minimum value of f1 will not occur in tc 6= 0, tc 6=
−a, or tc 6= −b. Therefore, the minimum value occurs only in tc = 0, tc = −a, or tc = −b.
Through a method of exhaustion, the optimal tc of the 1-norm can be obtained, which is
presented as

τc1 =


−a, |a| ≥ |b|, |a| > |c|
0, |c| ≥ |a|, |c| > |b|
−b, |b| ≥ |c|, |b| > |a|

(15)

where c = a − b. The optimal τa1 and τb1 are presented in (16).{
τa1 = τc + a

τb1 = τc + b
(16)

According to (15) and (16), one of the dwell times among τa1, τb1, and τc1 must be
zero, and the plus-minus sign of the nonzero dwell time is the opposite. When |b| ≥ |c|
and |b| > |a|, the dwell time of Vb is zero. The reference vector is composed of Va and −Vc
or −Va and Vc, and the corresponding center-aligned PWM signal is shown in Figure 5.
When Vr is composed of the vectors Va and −Vc, the duty cycle is deduced as in (17).

da1 = τa−τc+t7
Ts

db1 = −τc+t7
Ts

dc1 = t7
Ts

(17)
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t0 /2 τa /2    τc /2 t7    τc /2 τa /2 t0 /2t0 /2 τc /2    τa /2 t7    τa /2 τc /2 t0 /2

PWMc

PWMb

PWMaPWMa

PWMb

PWMc

(a) (b)

Figure 5. The PWM signals when τb1 = 0. (a) The PWM signal with the vectors −Va and Vc. (b) The
PWM signal with the vectors Va and −Vc.

The dwell time of the zero vector t7 can be deduced as

t7 =
Ts − (ta − tc)

2
(18)

Substituting (18) into (17), the duty cycle calculated expression can be further deduced
as shown in (19). 

da1 = Ts+τa−τc
2Ts

= Ts+τa−τb−τc
2Ts

db1 = Ts+τc−τa
2Ts

= Ts+τb−τa−τc
2Ts

dc1 = Ts−τa−τc
2Ts

= Ts+τc−τa−τc
2Ts

(19)

When Vr is composed of the vectors −Va and Vc, the duty cycle can be deduced
according to (20). 

da1 = t7
Ts

db1 = −τa+t7
Ts

dc1 = τc−τa+t7
Ts

(20)

Substituting (18) into (20), the same calculated expression of (19) is obtained. Similarly,
when |a| ≥ |b|, |a| > |c| or |c| ≥ |a|, and |c| > |b|, the duty cycle calculation expression is
the same as that of (19). When (15) and (19) are combined, the duty cycle of the SVPWM
with the optimal solution of the 1-norm can be summarized as shown in (21), (22), and
(23) respectively. 

da1 = c
2Ts

+ 1
2

db1 = −c
2Ts

+ 1
2

dc1 = −a−b
2Ts

+ 1
2

, |c| ≥ |a|, |c| > |b| (21)


da1 = a

2Ts
+ 1

2

db1 = b−c
2Ts

+ 1
2

dc1 = −a
2Ts

+ 1
2

, |a| ≥ |b|, |a| > |c| (22)


da1 = a+b

2Ts
+ 1

2

db1 = b
2Ts

+ 1
2

dc1 = −b
2Ts

+ 1
2

, |b| ≥ |c|, |b| > |a| (23)

From (21) to (23), the duty cycle of SVPWM can be directly calculated. The duty cycle
of one period is shown in Figure 6. For the SVPWM algorithm with the OVDT of the
1-norm, the reference vector is composed of two nonzero vectors, which is the same as
the conventional SVPWM algorithm. Thus, the duty cycle waveform is the same as the
waveform of the conventional SVPWM algorithm. The conventional SVPWM algorithm
has six equation expressions to calculate the duty cycles of six sectors [18]. From (21) to (23),
the SVPWM algorithm with the OVDT of the 1-norm only needs three equation expressions
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to calculate the duty cycle. In addition, the proposed SVPWM algorithm needs less logical
judgment. Thus, the proposed SVPWM algorithm is simpler.

0

0.4

0.8

0.2

0.6

1

60
°

120
°

180
°

240
°

300
° 360

°
0

°

da1 db1 dc1

Figure 6. The duty cycle of SVPWM algorithm with the optimal dwell time of the 1-norm.

3.3. Optimal Solution of the 2-Norm

When the cost function is 2-norm, the optimization problem is as presented in (24).

min f2=‖T‖2 = ta
2 + tb

2 + tc
2

s.t.

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

] ta
tb
tc

 =

[
Vα

Vβ

] (24)

Substituting the constraint condition into the cost function, the unconstrained opti-
mization problem is presented in (25).

min f2=‖T‖2 = (tc + a)2 + (tc + b)2 + tc
2 (25)

The first derivative of f2 is deduced as

f2
′ = 2(tc + a) + 2(tc + b) + 2tc. (26)

The minimum value occurs in f2
′

= 0. Thus, the optimal dwell time can be deduced as
shown in (27). 

τc2 = − a+b
3

τa2 = − a+b
3 + a

τb2 = − a+b
3 + b

(27)

According to (27), the SVPWM with the OVDT of the 2-norm needs to generate
three nonzero vectors in one PWM period. However, the general center-aligned PWM
signal only can generate two nonzero vectors in one period. To generate three nonzero
vectors, phase-shift PWM is utilized.

From (27), the relationship among τa2, τb2, and τc2 can be deduced as

τa2+τb2+τc2 = 0. (28)

From (28), τa2, τb2, and τc2 will not have the same plus-minus sign. According to
the plus-minus sign, phase-shift PWM can be divided into six cases, which are presented
in Figure 7.

In case 1, the reference vector is composed of Va, −Vb, and −Vc. The duty cycle can
be deduced as shown in (29).

da2 = τa2−τb2−τc2+t7
Ts

= τa2−τb2−τc2
2Ts

+ 1
2

db2 = −τc2+t7
Ts

= τb2−τb2−τc2
2Ts

+ 1
2

dc2 = −τb2+t7
Ts

= τc2−τb2−τc2
2Ts

+ 1
2

(29)



Energies 2022, 15, 4065 9 of 21

t0 /2 τb2 /2   τa2 /2 t7   τc2 /2 τb2 /2 t0 /2

t0 /2 τa2 /2   τc2 /2 t7   τb2 /2 τa2 /2 t0 /2 t0 /2 τb2 /2   τc2 /2 t7   τc2 /2 t0 /2

t0 /2 τb2 /2   τa2 /2 t7   τc2 /2 τb2 /2 t0 /2

t0 /2 τc2 /2   τb2 /2 t7   τa2 /2 τc2 /2 t0 /2 t0 /2 τc2 /2   τb2 /2 t7   τb2 /2 τa2 /2 t0 /2

PWMa

PWMb

PWMc

PWMa

PWMb

PWMc

τa2 /2

PWMa

PWMb

PWMc

PWMa

PWMb

PWMc

PWMb

PWMa

PWMc

PWMb

PWMa

PWMc

(a) (b)

(c) (d)

(e) (f)

Figure 7. The phase-shift PWM signal: (a) case 1: τa2 > 0, τb2 < 0, and τc2 ≤ 0, (b) case 2: τa2 > 0,
τb2 > 0, and τc2 ≤ 0, (c) case 3: τa2 ≤ 0, τb2 > 0, and τc2 < 0, (d) case 4: τa2 ≤ 0, τb2 > 0, and τc2 > 0,
(e) case 5: τa2 < 0, τb2 ≤ 0, and τc2 > 0, (f) case 6: τa2 > 0, τb2 ≤ 0, and τc2 > 0.

PWMb and PWMc must have a phase difference, as shown in Figure 8a. The phase
difference between PWMb and PWMc can be deduced as

tbc = Tsdb2 − td − t7 (30)

where td is presented as

td =
Tsdb2 − Tsda2

2
. (31)

tbc t7

td

tab

-τa2 

td

PWMb

PWMc

PWMa

PWMb

(a) (b)

Figure 8. The relationship of the phase differences. (a) τa2 > 0, τb2 < 0, and τc2 ≤ 0, (b) τa2 ≤ 0,
τb2 > 0, and τc2 > 0.

Substituting (31) into (30), tbc can be deduced as

tbc =
τb2 + τc2

2
. (32)

To obtain the phase difference of (32), the phase shift of PWMb is set as −τc2/2,
the phase shift of PWMc is set as −τb2/2, and the phase shift of PWMa is set as zero.
The calculated expression of the phase shift is deduced as
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
pa = 0

pb = −τc2
2Ts

pc =
−τb2
2Ts

. (33)

In case 2, the reference vector is composed of Va, Vb, and −Vc. The duty cycle can
be deduced to be the same as (29). PWMa and PWMb should have a phase difference,
as presented in Figure 8b. The phase difference can be deduced as

tab = τa2 − td = τa2 − db2Ts − da2Ts =
τa2 + τb2

2
. (34)

To obtain the phase difference of (34), the phase shift of PWMa is set as zero, and the
phase shift of PWMb is set as (τa2 + τb2)/2. According to (28), the phase shift of PWMb can
be further deduced as −τc2/2. To obtain the same calculation expression as that of (33),
the phase shift of PWMc is set as −τb2/2.

It can be deduced that the duty cycle and phase shift calculated expressions of the six
cases of Figure 7 are the same. Combining (27), (29), and (33), the duty cycle and phase
shift calculated expressions can be deduced as (35) and (36), respectively.

da2 = − (a+b)
3Ts

+ 1
2

db2 = 2a−b
3Ts

+ 1
2

dc2 = 2b−a
3Ts

+ 1
2

(35)


pa2 = 0

pb2 = a+b
6

pc2 = 2b−a
6

(36)

The duty cycle and phase shift in one period are shown in Figure 9. From (35) and (36),
the SVPWM algorithm with the OVDT of the 2-norm can directly calculate the duty cycle
and phase shift without a logical judgment. Compared with the conventional SVPWM
algorithm, the SVPWM algorithm with the OVDT of the 2-norm is extremely simplified.
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0
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da2 db2 dc2 pb2

pa2

pc2

(a) (b)

Figure 9. (a) The duty cycle in one period. (b) The phase shift in one period.

The flowcharts of the conventional SVPWM algorithm and the proposed SVPWM
algorithm with the OVDTs of the 1-norm and the 2-norm are shown in Figure 10. According
to Figure 10a, the conventional SVPWM algorithm needs to identify the sector by calculating
the sector index. Then, the duty cycles are calculated according to the identified sector.
The sector identification and duty cycle calculation need logical judgments and multiply-
accumulate calculations. From Figure 10b,c, the proposed SVPWM algorithm does not need
sector identification. The SVPWM algorithm with the OVDT of the 1-norm only needs some
logical judgments. Then, the duty cycles can be calculated by Equation (21). The proposed
SVPWM algorithm with the OVDT of the 2-norm needs no logical judgment. The duty
cycle and phase shift can be calculated by using Equations (35) and (36). Compared
to the conventional SVPWM algorithm, the proposed SVPWM algorithm has a more
concise calculation process that needs fewer multiply-accumulate calculations and logical



Energies 2022, 15, 4065 11 of 21

judgments. Thus, the computational complexity of the proposed SVPWM algorithm is
reduced and the proposed SVPWM algorithm is simpler.

Input Vβ and Vα

Index == 1 ?

Calculate 

Duty Cycle 

of Sector I

Finish

Input Vβ and Vα

Calculate Duty Cycle Using  

Equation (35)

Calculate Phase Shift Using  

Equation (36)

Finish

(a)

(c)

 Vβ > 0 ? ? ?

A=1 B=0

Y N

B=1A=0

Y N

C=1 C=0

Sector Index  = A+2B+4C

Calculate 

Duty Cycle 

of Sector II

Calculate 

Duty Cycle 
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Calculate 

Duty Cycle 
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Calculate 

Duty Cycle 

of Sector V

Calculate Duty 

Cycle of Sector VI

Index == 2 ?

Index == 3 ?

Index == 4 ?

Index == 5 ?

Y N

Sector Identification

Y

N

N

N

N

N

Y

Y

Y

Y

Input Vβ and Vα

|c|   |a| and  |c| >|b| ? |a|   |b| and  |a| > |c| ?

Calculate Duty Cycle 

Using  Equation (21)

Calculate Duty Cycle 

Using  Equation (22)

Calculate Duty Cycle 

Using  Equation (23)

Y

N N

Y

Finish

Calculate  a, b, and c.

, ,

(b)

Calculate  a, b, and c.

, ,

Figure 10. (a) The flowchart of the conventinal SVPWM algorithm. (b) The flowchart of the proposed
SVPWM algorithm with the OVDT of the 1-norm. (c) The flowchart of the proposed SVPWM
algorithm with the OVDT of the 2-norm.

4. Experimental Results

To verify the proposed SVPWM algorithm with the OVDT, corresponding experiments
are performed in a 36,000 rpm FESS prototype. The proposed SVPWM algorithm is
implemented in a PMSM FOC system to verify that the algorithm can convert the DC to
AC. Additionally, the time consumption of the proposed SVPWM algorithm, conventional
SVPWM algorithm, max-min SVPWM algorithm [17], and third harmonic injection SVPWM
algorithm [31] are compared to verify that the proposed SVPWM algorithm is simpler.
Furthermore, a case for increasing the sampling frequency by using simplified SVPWM is
presented. With the sampling frequency increasing, the current THD and eddy current loss
can be reduced.
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4.1. Experimental Setup

The experimental platform is shown in Figure 11, which mainly includes an FESS
prototype, a PMSM drive, a magnetic levitation controller, an oscilloscope, a power analyzer,
and PCs. The FESS prototype and its structure schematic drawing are shown in Figure 12.
The specifications of the FESS prototype are listed in Table 1. The FESS prototype has a
32 kg metal flywheel rotor, which can store 357 Wh energy. The flywheel rotor connects
to the rotor of the PMSM. The flywheel rotor will have the same rotation speed as the
rotor of the PMSM. The PMSM applied in the FESS is presented in Figure 13. A four-pole
rotor is employed in the PMSM. The rotor utilizes a permanent magnet (PM) Halbach
array to obtain a sinusoidal back EMF. The PM Halbach array is bound with carbon fiber
to obtain high strength. The PMSM utilizes toroidal winding and slotless structure in
the stator. Soft magnetic ferrite is employed in the stator to obtain low eddy current loss.
The main specifications of the PMSM are listed in Table 2. The machine driver constitutes
an MCU of TMS320F28379D and SiC MOSFET IM828MCC. Active magnetic bearings with
the controller are applied to brace the flywheel rotor, which flywheel rotor can operate
at a high rotation speed without friction. The experimental platform also possesses the
Tektronix oscilloscope and HIOKI power analyzer to analyze the corresponding signals.

PC

FESS
PMSM Drive

Magnetic 

Levitation 

Controller

Power Supply

Oscilloscope

Power Supply

PC

Vacuum Pump 

Oscilloscope

Power Analyzer 

Figure 11. The experimental platform of the 8 kW FESS prototype.

PMSM

Flywheel 

Rotor

Magnetic 

bearing

Magnetic 

bearing

Magnetic 

bearing

Figure 12. The prototype of the 8 kW FESS.

Flywheel Rotor

Shaft Coil

Ferrite 

Stator

(a) (b)

Rotor of 

PMSM

PM Halbach 

Array

Carbon fiber

Figure 13. The PMSM of the FESS. (a) The rotor. (b) The stator.
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Table 1. The main specifications of the FESS prototype.

Symbol Description Value

VAC Output voltage 110 V
Pr Maximum power 8 kW
E Stored energy 357.3 Wh
ωm Maximum speed 36,000 rpm
Mr Rotor weight 32.5 kg
Sm Prototype size Φ350 × 420 mm

Table 2. The main specifications of the PMSM.

Symbol Description Value

Pr Maximum power 8 kW
V Rated voltage 110 VAC
ωm Maximum speed 36,000 rpm
P Number of poles 4
Ls Stator inductance 14 µH
Rs Stator resistance 8 mΩ

4.2. Application to FOC

The proposed SVPWM algorithm is applied to the PMSM FOC to verify it can convert
the DC to AC. The PMSM FOC block diagram is presented in Figure 14. The inputs of
the SVPWM algorithm are Vα and Vβ, which are generated by the proportional–integral
(PI) controller and inverse Park transform. The outputs of the SVPWM algorithm are the
duty cycles. The three-phase inverter can convert DC to AC according to the duty cycles
generated by the SVPWM algorithm.

Three-Phase Invertor
PWM 1A

PWM 1B

PWM 2A

PWM 2B

PWM 3A

PWM 3B

PWM

Generator

Vα

Vβ

V6

V4

V5V1

V2

V3

Proposed SVPWM
Da

Db

Dc

Vα

Vβ

Inverse Park 

TransformPI Controller
Vq

Vd uqud

uαuβ

Clark 

Transform

ibia

iα iβ

Park 

Transform

iqid

iα iβ

id

ia

ib

iα

iβ

iq

ω

ω
* i

*
q

i
*
d

ω

 

θ

U

V

W

Current LoopSpeed Loop
Q1

Q2

Q3

Q4

Q5

Q6

FESS

PI Controller

PI Controller

Figure 14. The block diagram of the proposed SVPWM algorithm implemented in PMSM FOC.

The SVPWM method with the OVDT of the 1-norm is implemented in the FOC system.
The PWM signal of the SVPWM algorithm with the OVDT of the 1-norm is shown in
Figure 15. The PWM signal with the OVDT of the 1-norm is a center-aligned signal,
which is the same as the conventional SVPWM algorithm because those two algorithms
both compose the reference vector using two adjacent vectors. In Figure 15, the reference
vector is composed of the adjacent vectors of V4 and V6. When the PMSM operates at
30,000 rpm, the three-phase current is as shown in Figure 16a. A sinusoidal three-phase
current is obtained by using SVPWM with the OVDT of the 1-norm. Fourier analysis is
performed through the power analyzer. The frequency spectrum of the phase current is
shown in Figure 16b. The fundamental frequency is 1 kHz. The three-phase current has
high-frequency harmonics of 40 kHz and 80 kHz, which are caused by the switching of
the SiC MOSFET. The current also has 3rd and 5th harmonics, which are caused by the
harmonics of the back electromotive force (EMF). The THD of the phase current is smaller
than 0.084. The experimental results show that the SVPWM algorithm with the OVDT of
the 1-norm can be effectively implemented in the FOC of the PMSM.
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Figure 15. The PWM signal of the SVPWM algorithm with OVDT of 1-norm.
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Figure 16. The current of the SVPWM algorithm with OVDT of 1-norm. (a) The three-phase current.
(b) The harmonic of the current.

Similarly, the SVPWM algorithm with the OVDT of the 2-norm is implemented in
the PMSM FOC system. The PWM signal of the SVPWM algorithm with the OVDT of the
2-norm is shown in Figure 17. The PWM signal with the OVDT of the 2-norm is not center-
aligned, which is different from the conventional SVPWM algorithm. The reference vector
is composed using three nonzero vectors. In Figure 17, the reference vector is composed of
V4, V5, and V6. The PMSM also operates at 30,000 rpm. The three-phase current is shown
in Figure 18a. The frequency spectrum of the current is shown in Figure 18b. The phase
current also has a 40 kHz, 80 kHz, 3rd, and 5th harmonic. The THD of the current is smaller
than 0.093. As mentioned above, the SVPWM algorithm with the OVDT of the 2-norm is
simpler than the algorithm with the OVDT of the 1-norm. However, the PWM signal of the
SVPWM algorithm of the 2-norm is asymmetric. Thus, the current THD of the SVPWM
algorithm of the 2-norm will be larger than the SVPWM algorithm of the 1-norm.
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Figure 17. The PWM signal of the SVPWM algorithm with the OVDT of the 2-norm.
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Figure 18. The current of the SVPWM algorithm with the OVDT of the 2-norm. (a) The three-phase
current. (b) The harmonic of the current.

The experimental results show that the SVPWM algorithm with the OVDTs of the
1-norm and the 2-norm can be implemented in the PMSM FOC system to achieve a THD
smaller than 9.3%. The efficiency of the proposed SVPWM algorithm with the OVDT is
thus verified.

4.3. Execution Time of the SVPWM Algorithm

To verify that the proposed SVPWM algorithm is simpler, the execution time of
the proposed SVPWM algorithm, conventional SVPWM algorithm, SVPWM algorithm
without sector identification [17], SVPWM algorithm with fast sector identification [18],
and third-harmonic injection SVPWM algorithm [31] are presented. For a fair comparison,
the SVPWM algorithms are implemented in the commonly used MCUs. The commonly
used MCUs include Texas Instruments TMS320F28379D, STMicroelectronics STM32F405,
and STM32F103. The TMS320F28379D, STM32F405, and STM32F103 operate at frequencies
of 150 MHz, 140 MHz, and 72 MHz, respectively. For the TMS320F28379D, the compiler
CCS9.0.1 is utilized. For the STM32F405 and STM32F103, the compiler Keil uVision 5 is
utilized. The program of the algorithm is respectively executed in two conditions. One
condition is that the program runs in the flash of the MCU, and the data type of the pro-
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gram adopts IEEE 754 floating-point type. The other condition is the optimized condition,
in which the program runs in the RAM of the MCU and the IQmath library is used to avoid
floating point calculation. The emulators Texas Instruments XDS100V2 and STMicroelec-
tronics ST-LINKV2 are used to measure the execution times and processor cycles of the
SVPWM algorithms.

The experimental results of the execution times and processor cycles of the SVPWM
algorithms are listed in Table 3. The experimental results show that the execution time can
be reduced by running the program in the RAM and using the IQmath library because the
data read-and-write cycles in the flash are longer than in the RAM. The execution time also
can be reduced by using the IQmath library to avoid floating point calculation. Especially in
the STM32F103, which has no floating-point processing unit (FPU), the execution time can
be significantly reduced by using the IQmath library. In the same condition, the proposed
SVPWM algorithm spends less time than the conventional SVPWM algorithm. The sim-
plified SVPWM algorithm in [17] does not need sector identification to calculate the duty
cycles, which is similar to the proposed SVPWM with the OVDT of the 1-norm. Thus,
the execution time of those two algorithms is similar. The simplified SVPWM algorithm
in [18] can achieve fast sector identification. Therefore, it can spend less time than the
conventional SVPWM algorithm. However, it will spend more time than the proposed
SVPWM with the OVDT of the 1-norm. The proposed SVPWM algorithm with the OVDT
of the 2-norm and the SVPWM algorithm in [31] do not need logical judgments to calculate
the duty cycles. Therefore, they show lower time consumption than the other SVPWM
algorithms. However, the SVPWM algorithm in [31] needs to address the trigonometric
function. Thus, the proposed SVPWM algorithms with the OVDT of the 2-norm require the
least time among the SVPWM algorithms.

Table 3. Execution time of the SVPWM algorithms.

MCU
Types SVPWM Algorithms

Execution Time
@ Flash
@ Floating Point

Processor Cycles
@ Flash
@ Floating Point

Execution Time
@ RAM
@IQmath Library

Processor Cycles
@ RAM
@IQmath Library

TMS320
F28379D

SVPWM algorithm
with the OVDT of the 1-norm

8.2 µs 1229 2.6 µs 390

SVPWM algorithm
with the OVDT of the 2-norm

6.3 µs 945 1.9 µs 285

Conventional SVPWM
algorithm

13.4 µs 2008 4.2 µs 629

SVPWM algorithm in [17] 8.5 µs 1274 2.7 µs 404
SVPWM algorithm in [18] 10.2 µs 1592 3.4 µs 510
SVPWM algorithm in [31] 7.4 µs 1109 2.3 µs 344

SVPWM algorithm
with the OVDT of the 1-norm

9.7 µs 1358 3.0 µs 420

STM32
F405

SVPWM algorithm
with the OVDT of the 2-norm

7.1 µs 994 2.2 µs 308

Conventional SVPWM
algorithm

15.2 µs 2128 5.3 µs 742

SVPWM algorithm in [17] 9.8 µs 1372 3.1 µs 434
SVPWM algorithm in [18] 11.6 µs 1642 3.7 µs 518
SVPWM algorithm in [31] 8.1 µs 1134 2.5 µs 350

SVPWM algorithm
with the OVDT of the 1-norm

45.8 µs 3297 9.2 µs 662

STM32
F103

SVPWM algorithm
with the OVDT of the 2-norm

35.2 µs 2640 6.7 µs 482

Conventional SVPWM
algorithm

73.5 µs 5292 14.1 µs 1015

SVPWM algorithm in [17] 46.3 µs 3334 9.6 µs 691
SVPWM algorithm in [18] 64.5 µs 4644 11.7 µs 824
SVPWM algorithm in [31] 40.3 µs 2901 7.8 µs 561
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4.4. Increasing Sampling Frequency by Using Simplified SVPWM Algorithm

In this paper, the purpose of the simplified SVPWM algorithm is to increase the sam-
pling frequency of the control system. A case that increases the sampling frequency using
the proposed SVPWM algorithm with the OVDT of the 1-norm is presented. The pro-
gram of the FOC runs in the flash, and the data type of the program adopts IEEE 754
floating-point type.

The PMSM FOC mainly includes A/D conversion, position decoding, coordinate
transformation, the calculation of the control law, and SVPWM. The execution time of
each part of the FOC is shown in Figure 19. The sampling frequency of the FOC with the
conventional SVPWM algorithm is 33 kHz. The sampling frequency can increase to 40 kHz
by using the proposed SVPWM algorithm with the OVDT of the 1-norm. The currents of
the proposed and conventional SVPWM algorithms are shown in Figure 20a,b. The fre-
quency spectrum of the current is shown in Figure 20c. The current THDs of the FOC
with the proposed and conventional SVPWM algorithms are 0.084 and 0.113, respectively.
The current THD can be reduced by 25.6% by using the proposed SVPWM algorithm.
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Figure 19. (a) Time consumption of the FOC with proposed SVPWM algorithm. (b) Time consumption
of the FOC with conventional SVPWM algorithm.
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Figure 20. The phase current. (a) The phase current of proposed SVPWM algorithm. (b) The phase
current of conventional SVPWM algorithm. (c) The harmonic of the current.
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The current THD will cause eddy current loss of the PMSM, which will influence the
maintenance speed power consumption of the FESS. The maintenance speed power con-
sumption with the proposed and conventional SVPWM algorithms is shown in Figure 21.
The maintenance speed power consumption with the conventional SVPWM algorithm is
64.5 W. The maintenance speed power consumption of the proposed SVPWM algorithm
is 61.8 W, which is reduced by 4.1%. The experimental results show that the FESS re-
quires less power consumption to maintain the flywheel rotor speed by using the proposed
SVPWM algorithm.
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Figure 21. The maintenance speed power consumption of the proposed and conventional SVPWM
algorithm.

5. Conclusions

In this paper, a new simplified SVPWM algorithm with the OVDT is proposed from the
perspective of optimization. The theoretical derivation and algorithm flow of the SVPWM
algorithm with the OVDTs of the 1-norm and 2-norm is presented. Then, the proposed
SVPWM algorithm is implemented in a high-speed PMSM drive of FESS. The execution
time of the proposed SVPWM algorithm, conventional SVPWM algorithm, and SVPWM al-
gorithms from [17,18,31] are compared. Finally, a case that increases the sampling frequency
by using the proposed simplified SVPWM algorithm is presented. The main conclusion is
drawn as follows:

(1) In the proposed SVPWM algorithm, the vector dwell time can be directly calculated
by solving the optimization problem without sector identification. Compared with the
conventional SVPWM algorithm, the proposed SVPWM algorithm needs less equation
expression and logical judgment. Thus, the proposed SVPWM algorithm is simpler.

(2) The proposed SVPWM algorithm is implemented in an FESS prototype. The experi-
mental results show that the proposed SVPWM algorithm can generate a three-phase
sinusoidal current for the PMSM of the FESS. The current THD can be smaller than
9.3% at the speed of 30,000 rpm.

(3) Compared to the conventional SVPWM algorithm, the time consumption of the
proposed SVPWM algorithm is reduced. With the time consumption reduced, a higher
sampling frequency of the control system can be obtained. The current THD and
eddy current loss can be reduced by increasing the sampling frequency. As a result,
the maintenance speed power consumption is reduced by 4.1% through using the
proposed SVPWM algorithm.

6. Future Work

In this paper, a new simplified SVPWM algorithm is presented, and the proposed
SVPWM algorithm shows some superiority. However, there are still some limitations to the
proposed SVPWM algorithm. The limitations and future work of the proposed SVPWM
algorithm are presented as follows:
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(1) The proposed SVPWM algorithm is only implemented in a PMSM FOC with a sam-
pling frequency of 40 kHz. The execution time can be further reduced by running the
program in the RAM and using the IQmath library. The proposed SVPWM algorithm
is expectantly utilized in a higher-sampling-frequency PMSM FOC system, such as a
100 kHz FOC system.

(2) The FESS is generally utilized in a high-power application. The power of the FESS
of this paper is relatively low. In future work, the proposed SVPWM algorithm
may be applied in a higher-power FESS. In high-power FESS, the influence of the
SVPWM algorithm on thermal and efficiency can be an appropriate analysis because
the problem of thermal and efficiency is notable in high-power FESS.

(3) The proposed SVPWM algorithm deduces the dwell time of the basic vector from the
perspective of optimization, which shows a more concise process compared to the
conventional SVPWM algorithm. However, the proposed SVPWM algorithm only
can apply to the commonly used three-phase two-level DC/AC converter. The multi-
phase PMSM and multilevel converter have received increasing attention in recent
years [33–35]. The proposed SVPWM algorithm can be extended to the multiphase
and multilevel DC/AC converter.
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Nomenclature

Vr Reference vector
Vα, Vβ Projection of Vr on the α and β axes
V0, V1, V2, V3, V4, V5, V6, V7 Basic vectors of the PMSM drive
Va, Vb, Vc Redefined basic vectors
Ts The period of the PWM signal
t0, t4, t6, t7 Dwell time of V0, V4,V6, and V7
ta, tb, tc Dwell time of Va,Vb, and Vc
f1, f2 Cost functions of the 1-norm and 2-norm
f1
′
, f2

′
First derivative of f1 and f2

f1
′′
, f2

′′
Second derivative of f2 and f2

τa1, τb1, τc1 Optimal vector dwell time of the 1-norm
τa2, τb2, τc2 Optimal vector dwell time of the 2-norm
da1, db1, dc1 Duty cycles of the SVPWM algorithm with the OVDT of the 1-norm
da2, db2, dc2 Duty cycles of the SVPWM algorithm with the OVDT of the 2-norm
pa2, pb2, pc2 Phase shifts of the SVPWM algorithm with the OVDT of the 2-norm
sgn Sign function
δ Dirac delta function
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