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Abstract – The low-frequency characteristics of four-switch three-phase (FSTP) inverter are 
investigated in this paper. Firstly, a general space vector pulse width modulation (SVPWM) directly 
involved the neutral point voltage of DC-link is proposed, where no sector identifications and 
trigonometric function calculations are needed. Subsequently, to suppress the DC offset in the neutral 
point voltage, the relationship between the neutral point voltage and the β-axis component of the load 
current is derived, and then a new neutral point voltage control scheme is proposed where no low pass 
filter is adopted. Finally, the relationship between the load power factor and the maximum linear 
modulation index of the FSTP inverter is revealed. Since the operational region for the FSTP inverter 
in low frequency is reduced by the enlarged amplitude of the neutral point voltage, a linear modulation 
range enlargement scheme is proposed. A permanent magnet synchronous motor with preset rotary 
speed serves as the low-frequency load of the FSTP inverter. Experimental results verify that the new 
neutral point voltage control scheme is effective in the deviation suppression of the neutral point 
voltage, and the proposed scheme is able to provide a larger linear operational region in low frequency.  
 
Keywords: DC offset, Load power factor, Low frequency, Neutral point voltage, Four-switch three-
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1. Introduction 
 
Since the four-switch three-phase (FSTP) inverter was 

first proposed in 1984 to reduce the cost of the induction 
motor drive system [1], it has been spread to the appli-
cations of brushless DC motors (BLDC) and permanent 
magnet synchronous motors (PMSMs). Meanwhile, various 
control strategies have been put forward to obtain a high 
driving performance [2-8]. Additionally, the FSTP topology 
is also regarded as a cost-effective candidate to remedy the 
case of single-phase/single-switch open/short circuit fault 
for a six-switch three-phase (SSTP) inverter [9-12].  

However, compared with a SSTP inverter, the cost 
reduction of the FSTP inverter is achieved at the expense 
of the output capability. Meanwhile, the DC-link must be 
split into two voltage sources, and the neutral point of the 
DC-link should be accessible. The utilization factor of the 
DC-link voltage is halved under an ideal DC-link condition, 
which becomes smaller in the actual applications due to the 
voltage fluctuation of the neutral point [13, 14]. Since one 
phase current of the load circulates through the two 
capacitors of DC-link, the voltage fluctuation cannot be 
eliminated for a FSTP inverter. The fluctuation amplitude 
of the neutral point voltage will be increased when the FSTP 
inverter is loaded heavily or operates at low frequency. 
Therefore, to enlarge the linear modulation range for a FSTP 

inverter, the fluctuation amplitude of the neutral point 
voltage should be reduced, which can be achieved by 
larger DC-link capacitors or a higher DC-link voltage. 
Nevertheless, the use of larger DC-link capacitors leads to 
a bulky and heavy DC-link filter with a slow response and 
increased cost, and the higher DC-link voltage increases 
the voltage stress on the power devices, the DC-link 
capacitors and the load [14]. Consequently, a new scheme 
without changing the DC-link conditions is proposed in 
this paper to enlarge the linear modulation range.  

As no zero voltage vectors emerge in FSTP inverter, 
various space vector pulse width modulation (SVPWM) 
algorithms have been published, which show different 
methods to obtain an equivalent zero voltage vector in 
essence. In [15-17], three different approaches are exhibited 
to synthesize the desired voltage vector: two long opposite 
and one short voltage vectors (LVSVM), two short opposite 
and one long voltage vectors (SVSVM), or all four voltage 
vectors are chosen according to the angle position of the 
desired voltage vector. However, all calculations are 
implemented without considering the fluctuation of the 
neutral point voltage.  

To eliminate the effect caused by the fluctuant neutral 
point voltage, an imbalance factor is adopted to dynami-
cally modify the time durations of voltage vectors used [18, 
19]. Meanwhile, an adaptive SVM is proposed in [14], 
where three out of the four voltage vectors (NTSVM), i.e. 
the one closest to the desired voltage vector and its two 
neighbors, are selected. However, plenty of trigonometric 
function calculations are involved in the procedure. In 
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[20], three different modulations, SVSVM, LVSVM and 
NTSVM, are developed and compared, where the two 
capacitor voltages and the desired three-phase voltages are 
directly related to the modulation algorithms. A hybrid 
modulation is proposed in [21] to reduce the current stress 
on the DC-link capacitors. Whereas, all the modulations 
mentioned above are not directly related to the neutral 
point voltage.  

Another serious problem is the DC offset in the neutral 
point voltage, which is caused by the inappropriate initial 
phase angle or the imbalance of the phase current circulating 
through the two DC-link capacitors. The existence of DC 
offset will further reduce the maximum linear modulation 
index of the FSTP inverter [13]. Thus, the DC offset in the 
neutral point voltage should be rejected to enlarge the 
linear modulation range.  

To reject the DC offset, an item is added into the cost 
function in the predictive torque control scheme [8], and a 
hysteresis controller with a modified switching table is 
employed to control the difference between the average 
voltages of the two capacitors in the direct power control 
[22]. In the instantaneous torque control [23], the DC offset 
is suppressed by modifying the desired torque. All the 
control schemes mentioned above are limited in specified 
control strategies, which may not be feasible for other 
applications. 

Considering that two voltage vectors will respectively 
discharge the two capacitors of DC-link, the two voltage 
vectors are applied respectively according to the sign of 
DC offset [13]. However, it happens only when the phase 
current is in a specified direction, which has been neglected 
in the paper. Reference [24] reveals the relationship 
between the DC offset and the DC component of the output 
phase voltage, and tries to balance the two capacitors by 
adjusting the DC component of the phase voltage. A 
similar control scheme is proposed in [25]: the DC offset is 
used to generate the desired DC component of the two 
phase currents.  

Above all, to suppress the DC offset, the first thing 
needs to be done is to extract the DC offset from the 
fluctuant neutral point voltage, which is usually achieved 
by a second-order Butterworth low pass filter (LPF). 
However, when the operating frequency gets low, the 
performance will be degraded owing to that the operating 
frequency gets closed to the cutoff frequency of the LPF. 
Moreover, the existence of the LPF will limit the dynamic 
response of the neutral point voltage control loop. Thus, a 
new neutral point voltage control scheme is proposed in 
this paper to avoid the influence imposed by the LPF. 

A general SVPWM algorithm is proposed in this paper 
firstly: two short opposite voltage vectors and the long one 
closest to the desired voltage vector are chosen in the 
synthesis procedure. The desired three phase voltages are 
directly adopted to calculate the duty ratios of the upper 
switches. To avoid the influence of the neutral point 
voltage fluctuation on the inverter output, the neutral point 

voltage of DC-link is directly introduced into the 
expressions of the duty ratios. And then, a general formula 
feasible for all sectors is derived, which is implemented 
without sector identifications and trigonometric function 
calculations. To suppress the DC offset in the neutral point 
voltage, a new neutral point voltage control scheme is 
proposed in this paper, where a simple algorithm instead of 
the LPF is used to extract the DC offset. 

Since the fluctuation amplitude of the neutral point 
voltage will be magnified when a low operating frequency 
is implemented in the FSTP inverter, the maximum linear 
modulation index will be degraded under the same DC-link 
condition. On the assumption that the DC offset in the 
neutral point voltage has been removed and the influence 
on the voltage outputs imposed by the neutral point voltage 
has been compensated, the relationship between the 
maximum linear modulation index and the load power 
factor is deduced. And then, without modifying the DC-
link condition, a linear modulation range enlargement 
scheme for the FSTP inverter is exhibited in this paper. For 
the convenience of verifying the effectiveness of the 
proposed scheme, a low-speed PMSM acts as the load of 
FSTP inverter.  

 
 

2. General SVPWM Algorithm 
 

2.1 Intrinsic voltage vectors of a FSTP inverter 
 
The schematic diagram of a FSTP inverter is shown in 

Fig. 1: two capacitors C1 and C2 are connected in series in 
the DC-link to make the neutral point o accessible. The 
PMSM represents the load fed by the FSTP inverter, where 
phase A of the PMSM is directly connected to the neutral 
point of DC-link. Four power devices S1-S4 are employed 
to generate two line-to-line voltages uab and uca, whereas 
the voltage ubc will be yielded according to Kirchhoff 
voltage law. The symbols uc1 and uc2 represent the voltage 
drops across the two capacitors C1 and C2 respectively, 
while idc1 and idc2 are the currents circulating through the 
two capacitors. The symbols isa, isb and isc are the phase 
currents of the load.  

 
Fig. 1. Structure of four-switch three-phase inverter 
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Two notations Sb and Sc are used to respectively denote 
the switching states of phase B and phase C. And then, uab 
and uca are expressed as: 

 

 1 2

1 2

(1 )
( 1)

ab b c b c

ca c c c c

u S u S u
u S u S u

= − + −⎧
⎨ = + −⎩

  (1) 

 
Assume that the DC-link voltage udc=uc1+uc2, and the 

neutral point voltage Δu=(uc1-uc2)/2, the two capacitor 
voltages are written as 

 

 
1

2

1
2
1
2

c dc

c dc

u u u

u u u

⎧ = + Δ⎪
⎨
⎪ = − Δ
⎩

  (2) 

 
According to Kirchhoff voltage law, uab+ubc+uca=0 is 

given. Therefore, the three-phase load voltages are obtained  
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After applying the Clarke transformation, the αβ-axis 

components are acquired  
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  (4) 

 
Table 1. Intrinsic Voltage Vectors of FSTP Inverter 

us(SbSc)  usα usβ 
u1(00)   (udc-2Δu)/3 0 
u2(10)  -2Δu/3 udc/√3 
u3(11)  -(udc+2Δu)/3 0 
u4(01)  -2Δu/3 -udc/√3 

 

 
(a)                    (b) 

Fig. 2. Voltage vector distributions in the αβ plane: (a) an 
ideal condition Δu =0. (b) Δu >0 

Based on (4), the voltage vectors available in a FSTP 
inverter are listed in Table 1, and the locations of these 
voltage vectors in the αβ plane are shown in Fig. 2. The 
red dashed circles in Fig. 2 mark the boundary for the 
linear modulation range of a FSTP inverter, as indicated 
by (5). 

 

 max 1 2
1 min( , )
3s c cu u u=   (5) 

 
2.2 General SVPWM  

 
Two short opposite voltage vectors u1(00) and u3(11) are 

used in this paper to produce an equivalent zero voltage 
vector. Suppose that the desired voltage vector ur is located 
in the upper half plane, u1(00), u2(10) and u3(11) are chosen 
in the synthesis procedure. Accordingly, the restrictions 
listed below should be met 

 

 1 1 2 2 3 3

1 2 3

r s

s

u t u t u t u T
t t t T

+ + =⎧
⎨ + + =⎩

  (6) 

 
where t1, t2 and t3 are the time durations for u1, u2 and u3 
respectively, and Ts is the sampling period. 

Using the desired three phase voltages to replace the αβ-
axis components  

 

 

2 1 1( )
3 2 2
1 ( )
3
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α
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where urα, urβ are the αβ-axis components of the desired 
voltage vector, and ura, urb and urc are the desired three 
phase voltages.  

Substitute (7) into (6), and then the time durations are 
obtained  
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Referring to the switching sequence 1 in [13], the duty 

ratios of the upper switches db and dc in a FSTP inverter are 
determined  
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3

1 1( )
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c
s
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dc

t
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T

u u u u
u
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= − Δ − +
  (10) 

 
When the desired voltage vector ur is located in the 

lower half plane, u4 (01) replaces u3(11) in the synthesis 
procedure. By means of the same procedures, the duty 
ratios of the upper switches db and dc are obtained, which 
are the same as (9) and (10).  

Consequently, (9) and (10) can be used in the whole 
plane, where no sector identifications and trigonometric 
function calculations are involved. As the two capacitor 
voltages of DC-link are directly measured and adopted in 
the computation of the duty ratios, the voltage fluctuation 
of the neutral point will be compensated by the item Δu 
and a symmetric voltage output of the FSTP inverter will 
be achieved.  

 
3. DC Offset Suppression of Neutral Point Voltage 

 
As shown in Fig. l, according to the Kirchhoff current 

law, the relationship between idc1, idc2 and isa is exhibited as 
 

 1 2dc sa dci i i= +   (11) 
 
Thus, the relationship between isa and the voltage 

variations of the two capacitors is obtained 
 

 1 2
1 2

d d
d d

c c
sa

u u
i C C

t t
= −   (12) 

 
With ignorance of the parameter inconsistence between 

C1 and C2, and assuming that C1=C2=C, (12) is simplified 
as  

 

 1 2d( )
d

c c
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−
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According to (3), suppose the three-phase load currents 

containing the fundamental frequency component and the 
DC component are presented as follows 
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where Is is the amplitude of the fundamental frequency 
component, i0 is the DC component, and θi is the angular 
position of the fundamental frequency load current vector. 

After applying the Clarke transformation, the αβ-axis 

components of the load currents are acquired as  
 

 0cos( ) 2
sin( )

s s i

s s i

i I i
i I

α

β

θ
θ

= +⎧
⎨ =⎩

  (15) 

 
According to (15), i0 only exists in isα, and isβ only 

involves the AC component. 
After substituting (14) into (13), and applying a definite 

integral to (13), the neutral point voltage Δu is written as 
 

 0 0
1 2

0

1 d d( )
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Suppose dθi/dt=ωr, where ωr is the operating frequency 

of the FSTP inverter, and assume that i0 is a constant, the 
expression for Δu is modified as 
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        (17) 
 

where θi(t0), Δu(t0) and t0 are the initial values of the 
corresponding variables. The items related to t0 in (17) 
signify that both the initial phase angle of the fundamental 
frequency component of isa and the difference between the 
initial voltages of C1 and C2 will bring about a DC offset in 
Δu at t0 instant, which will not decay over time. The 
existence of i0 in the phase current isa will change the DC 
offset of Δu(t), which appears in both uc1 and uc2 with 
opposite sign. More seriously, if the DC component of isa is 
out of control, uc1 and uc2 will deviate in two opposite 
directions until the FSTP inverter shuts down. Thus, it is 
necessary to suppress the DC offset of Δu to obtain an 
equal average value of uc1 and uc2. The item i0t/C in (17) 
indicates that the DC offset in Δu(t) can be eliminated by 
controlling the DC component of isα.  

 
3.1 The traditional method to suppress the DC offset 

 
The closed-loop control of the DC offset suppression is 

displayed in Fig. 3. *
sdi  and isd are the desired and actual d-

axis component of the phase currents individually, while 
*
sqi  and isq are the desired and actual q-axis component of 

the phase currents respectively. *
sdu  and *

squ  are the 
desired dq-axis components of the voltage vector. Ld, Lq 
and ψf are the parameters of PMSM: d-axis inductance, q-
axis inductance and the permanent magnet flux linkage. 

*
sai , *

sbi and *
sci  mean the desired DC components of the 

three-phase load currents respectively, ( )u tΔ  represents 
the DC offset in Δu, and *

sdi  and *
sqi  are the desired AC 

components of isd and isq. θr stands for the rotor electrical 
angular position of PMSM. 
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Fig. 3. The closed-loop control of the DC offset suppression 

in the neutral point voltage 

 
Fig. 4. Block diagram of the closed-loop control of DC 

offset suppression 
 
A second-order LPF is commonly used to extract the DC 

offset ( )u tΔ  from the fluctuant neutral point voltage. 
After that, the desired DC component *

sai  is generated by 
a proportion (P) controller and directly added into the *

sdi  
and *

sqi  respectively, as shown in Fig. 3. 
The block diagram of the closed-loop control of the 

DC offset suppression is illustrated in Fig. 4. The block 
Gi_close represents the closed-loop transfer function for the 
load current control, which is considered to be unity, i.e. 
Gi_close≈1. Therefore, the bandwidth of the DC offset 
suppression control loop should be set narrow enough to 
get a satisfying control performance [24, 25]. In Fig. 4, the 
directly measured Δu is passed through a LPF to extract the 
DC offset. It works well when the operating frequency is 
not too low. However, when the operating frequency drops, 
the cutoff frequency of the second order LPF must be cut 
down sufficiently to avoid the influence imposed by the 
AC component of Δu.  

The open-loop transfer function of the DC offset 
suppression is written as 

 

 
2

2 2

1( ) K
2

n

n n

G s
sC s s

ω
ζω ω

=
+ +

  (18) 

 
With the parameters of DC-link shown in Table 2, the 

root locus curves of the DC offset control loop with 

different natural frequencies of the second-order LPF are 
exhibited in Fig. 5. The natural frequency varies from 2π  
to 10π  from the left to the right in Fig. 5, and the 
maximum value of the parameter K to make the system 
critical stable is increased.  

In consideration of that the fundamental frequency in 

Table 2. Parameters of DC Offset Suppression 

Parameter Value 
Capacitance of C1 and C2 2400μF 

Voltage of DC-link udc 600V 
P controller gain K 0.02 

LPF damping ratio ζ 0.707 The traditional 
control scheme 

LPF natural frequency ωn 2π 
PI controller gain Kp 0.1040304 The proposed 

control scheme PI controller gain Ki 2.1673 
 

 

 

 
Fig. 5. Root locus curves of the DC offset control loop with 

different natural frequencies of the LPF 
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this paper is 5 Hz or even lower, the natural frequency of 
the LPF should be set low enough to extract the DC 
offset from the fluctuant neutral point voltage. If not, the 
AC component will be introduced into the control loop of 
the DC offset suppression. Unfortunately, a low natural 
frequency of the LPF will result in a poor dynamic 
response of the closed-loop DC offset suppression control, 
as shown in Fig. 5. Sometimes the FSTP inverter may be 
shut down before the neutral point voltage get controlled. 
Additionally, the P controller will induce steady-state 
errors in the DC-offset suppression.  

 
3.2 The proposed algorithm to extract the DC offset 

 
To remedy this problem, a simple algorithm is proposed 

in this paper to extract the DC offset. With ignorance of 
the harmonic components, the fundamental frequency 
component of Δu is obtained from (17).  

 

 ( ) sin( ( ))
2

s
i

r

I
u t t

C
θ

ω
Δ =    (19) 

 
The residual of (17) is the DC component ( )u tΔ  of the 

neutral point voltage   
 

 ( ) ( ) ( )u t u t u tΔ = Δ − Δ    (20) 
 
As the neutral point voltage Δu can be directly measured 

and calculated, the final work to obtain the DC offset 
becomes the calculation of the fundamental frequency 
component ( )u tΔ . According to (15), (19) is modified as  

 

 ( )
2

s

r

i
u t

C
β

ω
Δ =    (21) 

 
The fundamental frequency ωr can be obtained by a 

phase lock loop (PLL) technique or directly calculated in 
accordance with the steady rotary speed of the PMSM in 
this paper. Block diagram of the proposed neutral point 

voltage control scheme is presented in Fig. 6. The LPF is 
removed, a proportional-integral (PI) controller is adopted, 
and the output of the PI controller is used as the desired 
DC component in isα according to (15). 

 
 

4. Linear Modulation Range Enlargement  
Scheme  

 
The fundamental frequency components of the three-

phase output voltages of the FSTP inverter are stated as  
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θ π
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⎧
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⎪
⎪ = +⎪⎩

  (22) 

 
where Urm is the amplitude of the phase voltage, θu is the 
angle position of the voltage vector, and usa, usb and usc are 
the three-phase output voltages of the FSTP inverter. In this 
section we suppose that the desired three-phase voltages 
are equal to the actual outputs of FSTP, namely ura=usa, 
urb=usb and urc=usc.  

With the premise that the effect caused by Δu has been 
compensated by the SVPWM proposed in Section 2, and 
the DC offset in Δu has been restrained by the method 
exhibited in Section 3, the duty ratios expressed by (9) and 
(10) can be simplified as  

 

 
1
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rb ra
b

dc dc

u uud
u u

−Δ= − +   (23) 

 
1
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rc ra
c

dc dc

u uud
u u

−Δ= − +   (24) 

 
Substitute (17) and (22) into (23) and (24) 

respectively, the duty ratios in steady state are rewritten as  
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53 cos( )1 6sin( ( ))
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rm u
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d t
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θ π
θ

ω

+
= − +   (26) 

 
Considering that the modulation index m=√3Urm/udc, 

and the fluctuation amplitude of Δu in per unit value 
k =Is /(2ωrCudc ), and using θi  to replace θi (t) to indicate the 
angle position of the output current vector at t instant, (25) 
and (26) are further simplified as 

 

 
1 5sin( ) cos( )
2 6b i ud k mθ θ π= − + −   (27)  

Fig. 6. The proposed neutral point voltage control scheme
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1 5sin( ) cos( )
2 6c i ud k mθ θ π= − + +   (28) 

 
Since the load power factor ϕ =θu -θi , the duty ratios are 

modified as  
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Reconstruct (29) and (30), the duty ratio of phase B 

becomes  
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The duty ratio of phase C is  
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where  
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Therefore, the minimal values of the duty ratios are 

derived  
 

 2 2
min

1 2 sin( )
2 6bd m mk kπ ϕ= − − + +   (33) 

 2 2
min

1 2 sin( )
2 6cd m mk kπ ϕ= − + − +   (34) 

 
When the minimal duty ratios are zero, the corres-

ponding load power factor angle should meet the require-
ments below:  

When dbmin= 0,  

 
2 2 1

4arcsin( )
6 2

m k

mk
πϕ

+ −
= − +   (35) 

 
When dcmin= 0,  

 
2 2 1

4arcsin( )
6 2

m k

mk
πϕ

+ −
= +   (36) 

 
The maximum linear modulation index m of the FSTP 

inverter is 0.5 under an ideal DC-link condition. However, 
it cannot be attained when the DC-link of the FSTP 
inverter consists of two series connected capacitors. To 
ensure the stability of the DC-link voltage, the value of 
k should be delimited below 0.5 while not less than zero. 
The load power factor angle ϕ is regularly bounded 
between -π /2 and π /2. Meanwhile, the modulation index 

 

 
Fig. 7. The relationship between dbmin and the fluctuation 

amplitude versus the load power factor angle 
 

 
Fig. 8. The relationship between dcmin and the fluctuation 

amplitude versus the load power factor angle
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m is set to 0.5 to expose the influence caused by Δu on 
the linear modulation region. The relationships between 
the minimum duty ratios and the fluctuation amplitude k 
versus the load power factor ϕ are illustrated in Fig. 7 and 
Fig. 8 respectively. When ϕ varies between zero and π /2, 
dbmin is all above the zero plane as exhibited in Fig. 7, while 
only partial region of dcmin is above the zero plane as 
displayed in Fig. 8. The area below zero plane suggests that 
the maximum linear modulation index m is less than 0.5.  

The maximum linear modulation index m under all load 
power factor conditions is restricted by the fluctuation 
amplitude k as exhibited in (37), when the corresponding 
load power factor angle ϕ =-2π /3 or ϕ = -π /3. 

 

 

1
2
1
2 2

s

r dc

m k

I
Cuω

= −

= −
  (37) 

 
As revealed by (37), when the load condition and 

operating frequency are defined, the traditional approaches 
to enlarge the linear modulation range of the FSTP inverter 
are achieved by decreasing the value of k, such as 
increasing the capacitance of the DC-link capacitors or 
escalating the DC-link voltage. However, both methods can 
only improve the linear modulation range to some extent at 
the expense of the bulky DC-link capacitors or a higher 
voltage stress on the power devices.  

The relationship among the neutral point voltage 
amplitude ΔU, the load current amplitude Is and the 
operating frequency ωr is displayed in Fig. 9. The neutral 
point voltage amplitude ΔU and the operating frequency ωr 
are in inverse proportion. When the load current is fixed, 
the minimal operating frequency must be restricted to keep 
the DC-link voltage stable. Although the increase of the 
capacitance of the DC-link capacitors or the DC-link voltage 
can lower the operating frequency limitation, the FSTP 
inverter still cannot start from the zero initial state. Thus, a 
startup apparatus is needed when a motor is fed by a FSTP 
inverter [17]. In the application such as the wind energy 
generation system where the motor does not need to run 
from the zero-speed state, the FSTP inverter is attractive to 
serve as a fault-tolerant scheme for the energy conversion 
system. 

The region above the zero plane in Fig. 7 and Fig. 8 
suggests that the maximum linear modulation index m, 
which is 0.5 and can only be obtained under an ideal DC-
link condition, is available when the load power factor 
angle ϕ is changed properly. Consequently, when the load 
power factor is variable, the load power factor can be 
controlled to improve the linear modulation range of the 
FSTP inverter. The area above the zero plane in Fig. 7 
covers the whole region where a lag power factor angle is 
adopted. In Fig. 8, whatever the parameter k is, the portion 
above the zero plane only appears when ϕ is not less than 
π /3. When k decreases from 0.5 to zero, the lower limit 

of ϕ to make the modulation index m equal to 0.5 is 
expanded from π /3 to π /6. Hence, a linear modulation 
range enlargement scheme is put forward in this paper. A 
higher linear modulation index allows the inverter to 
export higher three-phase voltages, which denotes that a 
higher operating speed is accessible for the motor fed by a 
FSTP inverter.  

According to Table 1, the synthesis principle of the 
proposed scheme is illustrated in Fig. 10. When ur is 
located in the left half plane, the load power factor angle ϕ 

 

 
Fig. 9. The relationship among the neutral point voltage 

amplitude ΔU, the load current amplitude and the 
operating frequency 

 

 
 (a)                 (b) 

Fig. 10. The synthesis principle of the proposed scheme. 
(a) Δu>0. (b) Δu<0 

 
Table 3. Parameters of the IPMSM 

Parameters Values 
Stator phase resistance Rs  1.573 Ω 

q-axis inductance Lq  50.77e-3 H 
d-axis inductance Ld   34.33e-3 H 

Permanent magnet Flux linkage ψf   4.2029 V.s 
Number of pole pairs p   8 

Rated speed nN 80 r/min 
Rated frequency fN 10.667 Hz 

Rated voltage-RMS UN 380 V 
Rated current-RMS IN 13.4 A 

Rated Torque TeN 895 Nm 
Rated power PN 7.5 kW 
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should be regulated to make the neutral point voltage Δu 
greater than zero in most cases. For the case that ur is 
located in the right half plane, ϕ should be adjusted to 
make Δu less than zero in most cases.  

For the facility of altering ϕ and verifying the linear 
modulation range enlargement scheme proposed above, a 
low speed interior PMSM (IPMSM) serves as the load of 
the FSTP inverter. The parameters of the IPMSM are listed 
in Table 3.  

 
 

5. Experiment verification 
 
A 5 kW experimental setup has been established to 

verify the effectiveness of the proposed schemes, as shown 
in Fig. 11. Two Semikron IGBTs (SKM200GB12V) with 
the drivers (SKYPER 32PRO) are used to develop the 
FSTP inverter. A TMS320F2808 digital signal processor 
(DSP) based signal processing board is applied to execute 
the control algorithms and generates the gate pulses for 
IGBTs. The gate pulses interface for phase A is 
unconnected, as presented in the upper left corner of Fig. 
11. A switching power supply board is utilized to supply 
the DSP and the drive circuits of IGBT. Two group 
capacitors are connected in series to make the neutral 
point of the DC-link accessible, as exhibited in the upper 

right corner of Fig. 11. A 7.5 kW IPMSM and a 5 kW 
interior permanent magnet synchronous generator (IPMSG) 
compose the driving test platform, as shown in the bottom 
of Fig. 11. A 10000 pulses per revolution (PPR) incremental 
encoder at the IPMSM side is employed to measure the 
mechanical rotor position. As all experiments in this paper 
are focused on the IPMSM, the control of IPMSG is 
neglected. A YOKOGAWA DLM2024 oscilloscope is 
used to measure the input currents. Two high voltage 
probes are employed to measure the capacitor voltages of 
the DC-link. The sampling frequency of the control system 
is 10 kHz, and the DC-link voltage is set to 600 V by an 
uncontrolled rectifier module. The actual modulation index 
are transmitted from the DSP by a PCAN-USB interface.  

 
5.1 The neutral point voltage control 

 
The operating frequency of the drive system is controlled 

by the IPMSG side through a YASKAWA A1000 inverter. 
To test the control performance of the proposed general 
SVPWM algorithm and the proposed neutral point voltage 
control scheme, the desired d-axis current *

sdi  of the 
IPMSM is fixed to zero, while the desired q-axis current 

*
sqi  is set to 6 A. The algorithms are implemented at the 

IPMSM side, and the corresponding parameters are list in 
Table 2. Comparative experiments between the traditional 
scheme and the proposed scheme are implemented when 
the running frequency is 3 Hz. For the proposed scheme, 
the control performance of the neutral point voltage under 
the running frequency 5 Hz is also presented.  

For the beginning, the desired DC offset is set to 20 V, 
and then steps to 0 V at 2.5s, both the instantaneous and 
average voltages of the capacitors C1 and C2 in the 
dynamic process under different conditions are shown in 
Fig. 12.  

As shown in Fig. 12(a), the average values of uc1 and uc2 
for the traditional control scheme gradually approach 300 
V in about 0.5s. However, the steady-state errors of the DC 
offset in the capacitor voltages appear in the whole process. 
Since no integral element exists in the neutral point voltage 
control loop, the steady-state error of the DC offset cannot 
be eliminated by the traditional control scheme.  

For the proposed scheme, when the running frequency is 

 

 

Fig. 11. 5 kW experimental prototype 

 
(a)                            (b)                             (c) 

Fig. 12. Dynamic response of uc1and uc2. (a) The traditional scheme when the running frequency is 3Hz. (b) The proposed 
scheme when the running frequency is 3Hz. (c) The proposed scheme when the running frequency is 5Hz 
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3Hz, the dynamic response of uc1 and uc2 is shown in Fig. 
12(b), and the experimental results when the running 
frequency is 5 Hz are presented in Fig. 12(c). For Fig. 
12(b), it takes about 0.25s when the average values of uc1 
and uc2 reach 300 V. For the case in Fig. 12(c), less than 
0.25s is consumed for the average values of both uc1 and 
uc2 reaching 300 V. As shown in Fig. 12(b) and Fig. 12(c), 
when the desired DC offset steps to 0 V, the deviations of 
the capacitor voltages will be eliminated by the proposed 
scheme. Consequently, with the proposed control scheme, a 
better dynamic and steady-state control performance for 
the neutral point voltage control loop will be obtained.  

Based on the experimental results above, the phase 
relationship between the neutral point voltage Δu and isβ 
under different conditions are exhibited in Fig. 13. As 
shown in Fig. 13(a), the DC offset still exists in the neutral 

point voltage Δu after the desired DC offset steps to 0V, 
which is caused by the utilization of the P controller in the 
traditional scheme. For the proposed scheme, the DC offset 
in Δu is eliminated for both the running frequency 3Hz and 
5Hz, as shown in Fig. 13(b) and Fig. 13(c). Additionally, it 
can be seen that the fundamental frequency component of 
Δu is always in phase with isβ for both transient and steady 
state, which is in consistency with the analysis above.  

 
5.2 The linear modulation enlargement scheme 

 
To verify the feasibility of the linear modulation 

enlargement scheme, both the desired voltage vector ur and 
the desired load power factor angle ϕ* should be increased 
gradually. At the beginning, the running frequency of the 
FSTP inverter is fixed to 5 Hz. The amplitude of the 

 
(a)                              (b)                             (c) 

Fig. 13. The phase relationship between Δu and isβ. (a) The traditional scheme for the running frequency 3Hz. (b) The 
proposed scheme for the running frequency 3Hz. (c) The proposed scheme for the running frequency 5Hz 

 

 
(a)                             (b)                             (c) 

Fig. 14. Experimental results when *
sqi  is 7 A, *

sdi  is 0 A and the running frequency is 5 Hz. (a) Three-phase current 
outputs. (b) FFT analysis result of phase C current. (c) The actual modulation index m output 

 

 
(a)                             (b)                               (c) 

Fig. 15. Experimental results when *
sI  is 7 A, ϕ* is π/6 and the running frequency is 5 Hz. (a) Three-phase current 

outputs. (b) FFT analysis result of phase C current. (c) The actual modulation index m output 
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desired stator currents *
sI will be firstly set to 7 A and 

gradually increased to enlarge the amplitude of ur. 
Additionally, both *

sdi  and *
sqi  will be regulated to obtain 

a desired load power factor angle, which are chosen 
according to the simulation results. First of all, the desired 
q-axis current *

sqi  is increased to 7 A while *
sdi  is still 

fixed to zero. With the combination of *
sdi  and *

sqi , a load 
power factor angle slightly greater than zero is achieved. 
The corresponding three-phase current outputs are shown 
in Fig. 14(a), which have been distorted in partial regions. 
The FFT analysis result of isc is displayed in Fig. 14(b), 
and plenty of low-order harmonic currents appear. The 
corresponding modulation index m is exhibited in Fig. 
14(c), where some glitches emerge.  

According to the analysis in section 4, *
sdi  is set to 3.3 A 

while *
sqi  is set to 6.2 A, which will acquire a load power 

factor angle about π/6 and has the same current amplitude 

of 7 A. The three-phase current outputs are exhibited in Fig. 
15(a). The FFT analysis result in Fig. 15(b) shows that the 
low-order harmonic currents have been rejected under the 
specific load power factor condition. Meanwhile, no 
glitches exist in the modulation index output as shown in 
Fig. 15(c).  

Subsequently, to further increase the amplitude of the 
desired stator voltage vector, the desired stator current 
amplitude is set to 9 A. To obtain a load power factor angle 
about π/6, *

sqi  is set to 8.0 A and *
sdi  is set to 4.2 A. The 

experimental results are shown in Fig. 16. As shown in Fig. 
16(b), plenty of low-order harmonic currents exist in isc. 
Moreover, the DC component of isc is increased, which is 
caused by the saturation of the d-axis inductor of the 
IPMSM. Some glitches also emerge in the modulation 
index output, as displayed in Fig. 16(c).  

For the case that the stator current amplitude is 

(a)                             (b)                             (c) 
Fig. 16. Experimental results when *

sI  is 9 A, ϕ* is π/6 and the running frequency is 5 Hz. (a) Three-phase current 
outputs. (b) FFT analysis result of phase C current. (c) The actual modulation index m output. 

 

(a)                             (b)                             (c) 
Fig. 17. Experimental results when *

sI  is 9 A, ϕ* is π/4 and the running frequency is 5 Hz. (a) Three-phase current 
outputs. (b) FFT analysis result of phase C current. (c) The actual modulation index m output. 

 

 
(a)                             (b)                             (c) 

Fig.18. Experimental results when *
sI  is 6 A, ϕ* is π/4 and the running frequency is 5.5 Hz. (a) Three-phase current 

outputs. (b) FFT analysis result of phase C current. (c) The actual modulation index m output 
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unchanged as 9 A while the load power factor angle is 
altered to π /4, i.e. when *

sqi  is 6.4 A and *
sdi  is 6.4A, the 

corresponding experimental results are presented in Fig. 17. 
Compared with Fig. 16(b), the low-order harmonic currents 
in Fig. 17(b) are reduced. However, with the increase of 

*
sdi , the degree of the saturation of the d-axis inductor of 

the IPMSM is deepened, thus, the amplitude of the DC 
component is increased as presented in Fig. 17(b). The 
glitches existed in Fig. 16(c) have been cleared away in Fig. 
17(c).  

To remove the influence caused by the saturation of the 
d-axis inductor, the desired d-axis current *

sdi  should be 
decreased. Meanwhile, to obtain a higher stator voltage, the 
operating frequency is increased from 5 Hz to 5.5 Hz. With 
the load power factor angle π/4, the desired stator current 
amplitude is decreased to 6 A. Thus, *

sdi  is set to 4.2 A, 
and *

sqi  is set to 4.3 A. The relevant experimental results 
are exhibited in Fig. 18. The low-order harmonic currents 
in isc are rejected, and no DC component exists, as shown 
in Fig. 18(b). Additionally, compared with Fig. 14(c), the 
modulation index m has obtained an increase of about 0.05 
in Fig. 18(c).   

 
 

6. Conclusion 
 
A general SVPWM associated with the neutral point 

voltage is developed in this paper. Subsequently, based on 
the phase relationship between the fundamental frequency 
component of the neutral point voltage and the β -axis 
stator current isβ , a new neutral point voltage control 
scheme is proposed to eliminate the DC offset in the neutral 
point voltage, where no LPF is employed. Experimental 
results verify the effectiveness of the proposed algorithm. 
Finally, the relationship between the maximum linear 
modulation range and the load power factor is revealed, 
and a linear modulation range enlargement scheme is 
proposed, which has been validated by experimental results. 
As the degree of the enlargement is directly related to the 
amplitude of the neutral point voltage, the proposed scheme 
will contribute to reduce the size of the capacitors when the 
load power factor is changeable and the control performance 
will not be affected by the inductor saturation.  
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