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Abstract: The reason why the Neutral Point (NP) voltage unbalance is analyzed in detail,and a Fuzzy Controller
based on control index proposed. Fuzzy controller can automatically and intelligently find the value of the
control index and adjust the operation time duration of the small vectors. This method for balancing the WP
voltage 1s simple and need not extra hardware cost. In the study, the design method of fuzzy controller has also
been presented in details. Finally, the experimental results verify the proposed technique and the balance of
the NP voltage guarantees high power factor of TL-PWM rectifier.
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INTRODUCTION

Three-Level (TL) PWM rectifier is much fit to high
output voltage and large-scale-power level situation.
Especially voltage-type PWM rectifier can work in four
quadrants and make power implement bidirectional flow,
moreover implement the unity power factor at AC side
(Cheng et al., 2008, Kim et al., 2010, Singh and Sharma,
2011; Tiang et al, 2008, Gong et al., 2013; Wang et al.,
2011; Quetal., 2011).

TT, converter often produces three kinds of voltage
level by virtue of the series electrolytic capacitor at DC
side. The balance of neutral-point voltage between the
two output capacitors is very important to diode-clamped
T, PWM rectifier. How to control it and improve its
performance is a research hotspot. If neutral pomnt 1s
unbalanced, low order harmonics will be produced, also
the lifetime of the electrolytic capacitor is shortened, so
that efficiency of the power converter is degraded and
high power factor can not be achieved (Fan, ef al., 2012;
Song and Feng, 2011; Chen et al., 2012; Yan et al., 2011,
Douetal., 2011, Lan et al., 2011, Rajashekhar and Vittal,
2010; Du et al., 2010).

It 13 well known that the redundancy small vector can
implement the balance in the NP by deciding the time
duration of the positive and negative small vector.
However, the time duration of the positive and negative
small vector commoenly 13 assigned by multiplying
constant value called control coefficient. This method
may mduce the new unbalanced NP voltage and the
opposite voltage imbalance across the two electrolytic

capacitors. Hence, the value of the control coefficient
needs repetitious experiments. To solve this problem this
study proposes the intelligent control method based on
fuzzy controller for control coefficient.

The fuzzy control of the control coefficient can
intelligently decide the time duration of the positive and
negative small vector in light of the grade of the
unbalanced NP voltage, so that the voltage of the two
capacitors can reach to the same perfectly. The
experimental prototype 1s tested and the experumental
results show that the control coefficient based on the
fuzzy controller guarantees the NP balance, the steady
and the dynamic characteristic and high power factor of
TL-PWM rectifier.

NEUTRAL POINT VOLTAGE
IMBALANCE

As shown in Fig. 1 is the main circuit of the TL
diode-clamped PWM rectifier. There are main two reasons
why the two capacitors are unbalanced. The first is
caused by the disagreement of the switches parameters;
the second is made by the structure of TL converter itself.
Bothreasons are impersonal existence and solved only by
control algorithm.

Unbalance of theneutral-point voltage: With assumption
the voltages of the output capacitors equal u,/2. As
shown in Fig. 2, the neutral-point voltage should be
influenced by output current 1, the expression 1s shown
inEq. 1:
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Fig. 2: Neutral-point voltage of the balanced capacitor

diu, /2-V,)
dt
c, 4% *dtlac/Z) (1)

L, =C
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dv,

i, =i, iy =2, ==

From the Eq. 1, we can get:

dv, i, 2)

R

Figure 2 shows that the neutral-pomnt voltage V,
varies with 1,.

The unbalance of the NP voltage induced by general
SVM is analyzed below.

Three-level PWM rectifier have three bridge legs and
each leg has three kinds of states, so there are twenty
seven kinds of states altogether. Among these states
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Fig. 3(a-b). Space vector diagram (a) Voltage space
vector and (b) The vectors in sector 1

there are twenty four kinds of nonzero vectors and three
kinds of zero vectors. In light of the norm of the vector,
these voltage vectors can be put into four categories: zero
vector, small vector, medium vector and large vector. It 1s
obvious that zero vectors can not affect the NP voltage.
Figure 3 1s voltage space vector diagram.

First, when large vector works, three-phase input
power supply does not commect neutral pomnt O and C,
together with C, locates one circuit, hence two output
capacitors charge or discharge at the same time and the
voltage of the output capacitor is equal. And thus large
vector does not influence the voltage balance of the
capacitor.

Second, when medium vector works, C, and C,
charge or discharge via three-phase power supply,
respectively, 1.e., they have therr own circuit. Although
the average currents of the self-governed circuit equal,
the phase difference of charging or discharging currents
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between these two circuits exists. As a consequence the
voltages of the C, and C, can not equal. Seen from Fig. 3,
we can not use medium vector to balance the voltage of
the capacitor because there does not exist redundant
medium vector but only one.

And at the last, when small vector works, power
supply are connected between the point O and + or O and
-, i.e., power supply only spans one capacitor. Hence,
only one of the output capacitors constructs the charging
or discharging circuit together with power supply. The
voltage of one capacitor increases because of charging
while the voltage of the other capacitor decreases and
vice versa. It is clear that the voltage balance of the
capacitor 18 influenced worst in this operating state.

Neutral-point voltage balance controlled by small vectors:
Tt’s seen from Fig. 3a that each small vector has two kinds
of implementation method, 1.e., small vector 1s redundant.
We define the small vector consisting of zero and high
level as positive small vector while the small vector
consisting of zero and negative level as negative small
vector and use suffix p and n to distinguish them,
respectively.

When reference voltage vector V, in the first sector
as shown in Fig. 3b, if the vector V, (100) is selected,the
equivalent circuit can be gotten as shown in Fig. 4a. Here,
C, is charged while C, discharged, as a result u,, raises
and uy, declines; if the vector V( 0-1-1) 15 selected, the
equivalent circuit can be gotten as shown in Fig. 4b. Here,
C, 18 discharged while C, charged, as a result uy, declines
and uy, rises. It can be concluded that although initially
Uy = Uy, = 1/2,V,, and V,, can make u,, and u,,, unequal
and most of importance, the function of the vector V, and
V. 18 opposite.

@ 1 +
Ci +
T~ Udcl I
Udc
o) A4 [
A R
+
~ U2
C i

BASIC OF THE NEUTRAL POINT
VOLTAGE BALANCE USING CONTROL
COEFFICIENT

The reference positive polarity of neutral-point input
current can be defined as shown in Fig. 2, if the current
flow from the point O, i, is positive. If the desired
reference voltage vector locates in the area H,,,
Uyy-Uy>hih is the width of hysteresis) and the neutral
point current is positive, the time span of the positive
small vector as shown in Fig. 4a should be set lower than
that of the negative small vector as shown in Fig. 4b. And
thus, the average neutral point current flows toward the
point O to discharge C, and charge C, and finally u,,
equals uy,. In order to implement digital control
conveniently, control coefficient p is introduced,the time
span of the positive small vector and negative one can be
regulated by the control coefficient p to implement the
balance of the neutral point voltage.

The time span of the operation vector can be
calculated as follows:

T, =05p(T-T,—T,)
T,=T,+05T (3)
T.=T,+ 05T,

Table 1 presents the rule for generating vector in the
first sector, the other sectors resembles 1t.

Table 1: Vector sequence in the first sector

Sector Area pTy/2 T,2 T,2 (1-p)T,
Sector I A Al POO 000 OON ONN
A2 PPO POO 000 OON
B POO PON PNN ONN
C Cl POO PON OON ONN
c2 PPO POO PON OON
D PPO PPN PON O0ON
(b)
+
Ci +
1~ Udc1 ¥ '«
o[V [] o
R
\ 4
+
= Y2
C

Fig. 4(a-b). Equivalent circuits when V1p and V1n operating, respectively
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Fig.5: Timing diagram of output voltage vectors

When in the area H,,, the concrete timing diagram 1s
shown m Fig. 5 and the drive signals for three-phase
bridge legs can be gotten.

DESIGN PRINCIPLE FUZZY CONTROLLER
FOR THE CONTROL COEFFICIENT

Tt is the effective way to balance the NP voltage
using the control coefficient p. Here will propose a fuzzy
controller for the control coefficient p, so as to decide p
intelligently and automatically based on the grade and the
trend of the NP imbalance.

Figure 6 gives the fuzzy control block diagram for
getting the control coefficient. Figure 7 shows the logical
schematic of the fuzzy controller. V,, and V,, are the
voltage across the two output capacitor, respectively, e
and Ae are the voltage error between the C, and the C,
and the increment of the e. e and Ae are the input variable
of the fuzzy controller. p is the control coefficient, Ap is
the increment of the control coefficient and also the
output variable.

Decision of the precision quantities and quantization:

»  With assumption that the scope of the control
coefficient 15 0.2<p<0.8, the scope of the Apis
-0.3<Ap<0.3. The quantization of the Ap is seen in
the Table 2

Hence, the scale factor 1s: K, = 0.05

*  Considering the NP balanced, the fuzzy controller

implements the proportional control as Eq. 4:

Ap=k.e (4)

where, K, is the proportional coefficient, K should
be chosen to make the error voltage between the two
capacitors smaller and 5 V here. Then K;, can be
calculated as the following expression:

LS RS ia
N\ _
4 Ver G
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> - R
. Ve C )
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S S |S
Ver e
i REORZRE Fuzz,
i y
Voo | fpeti=etk-yeke 1 | De | conrater [P SYPWM
| — r
Control
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Fig. 6: Block diagram based on fuzzy controller
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Fig. 7. Logical flow chart for fuzzy controller

Table 2: Cuantification of the Ap
Quantification Ag® 0 +1 +2 +3 +4 +5 +6
Precision Ap 0 £0.05 +£01 +0.15 0.2 =+£025 0.3

Table 3: Quantification of e
Quantificatione> 0 +1 +2 +3 +4 5 +6
Precision e 0 4083 167 £25 £33 +417 45

Table 4: Quantification of Ae

Quantification Ae’ 0 +1 +2 +3 4
Precision Ae 0 +0.25 +0.5 +0.75 +
K- 2P 03 44 (5)

e, (Ae=0)

The quantization of the ¢ is seen n the Table 3
s Let (Ae)ym =1 V, the quantification of Ae is seen in
the Table 4

The quantization factor 1s: K, = 4

Fuzzification for error change in error and output
variable:

s Fuzzification for error: In the universe [-6, 6], seven
levels is achieved, i.e., seven fuzzy sets are defined
here: PB, PM, PS, ZE, NS, NM, NB. All membership
functions for the fuzzy sets choose symmetrical
triangles as the Fig. 8. From the Fig. &, the error to
degrees of membership can be gotten as seen in the
Table 5

*  Fuzzification for the error in change Ae: The
continue universe [-4, +4] is divided into five levels,
i.e, PB, P8, ZE, NS, NB. The membership functions
also choose triangles and the emror mn change to
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Fig. 8: Control diagram of TL-PWM rectifier based on VOC

Table 5: Degrees of membership for error quantity

Table 6: Degrees of membership for change in error

Ee t6 +5 +4 +3 +2 +1 0O -1 -2 -3 I AeAe’ +4 +3 +2 +1 0 -1 -2 -3 -4
PB 1 05 0O PB 1 0.5 0
PM 0 05 1 05 0 Ps 0 0.5 1 0.5 0
P8 0 05 1 05 0 ZE 0 0.5 1 0.5 0
ZE 005 1 05 0 NS 0 0.5 1 0.5 0
NS 0 0.0 1 05 0 NB 0 0.5 1
NM 0 05 1 035 0
NB 0 05 1 Table 7: Fuzzy control rules
eApAe PB PM P8 ZE NS NM NB
degrees of membership by a lookup can be gotten as PB PB. PB  PB PM PS ZE  NM
seen in the Table 6 Ps PB PB PM P8 ZE NM NM
ZE PB PM Ps ZE NS NM NB
»  Fuzzification for the output Ap: Here, the output Ap ¢ PM  PM  ZE NS NM NE  NB
1s proportional to the error e, hence, the fuzzification  NB PM __ PS NS NM _ NB NB __NB

for the output Ap 1s the same as that of the error e as
seer1 in the Table 5

Decision of the fuzzy rules: Fuzzy “if e and Ae then Ap”
rules is applied. The concrete rules are as follows
(Table 7).

¢ Defuzzification for Ap: The resulting fuzzy set must
be converted to a number that can be sent to the
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process as a control signal. In light of the most and
the least inference principle combined with centroid
method, the response values are shown in the
Table 8. It is clear that the control coefficient level
can be achieved only if we know the level about the
error and the error in change. As a consequence, the
precision value of the control coefficient Ap 1s
accomplished
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Table 8: Response values

EAPAE +6 +5 +4 +3 +2 +1 0 -1 2 -3 4 -5 -6
+4 6 6 & 6 5 5 4 3 1 o 0 -2 -3
+3 6 6 6 5 5 4 3 2 1 11 2 3
+2 6 6 5 5 4 3 2 1 0 22 -3 4 4
+1 6 5 5 4 3 2 1 0 -1 2 -3 -5 -5
0 6 5 4 3 21 0 -1 -2 -3 4 -5 -6
-1 5 5 3 2 1 ¢ -1 -2 -3 4 -5 -5 -6
2 4 4 3 2 0 -1 2 3 4 5 56 -6
-3 4 3 2 1 o -2 -3 4 -5 -5 -6 -6 -6
-4 4 3 2 0o -1 -3 4 -5 -5 -6 -6 -6 -6
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Fig. 9(a-b): Voltage and current waveforms (a) Main
waveforms in steady state and (b) The drive
sighals

EXPERIMENTAL RESULTS

Figure 8 shows the schematic diagram of the system
hardware. Tts control circuits mainly consist of TT DSP
TMS320F2808 and drive circuits. The NP balance at DC
side 18 implemented by software based on fuzzy controller
discussed above. Both the voltage and cwrent
control loops employ PT regulator calculated in the code
[17,18, 19]. The experimental prototype parameters are as

follows: Input phase-to-phase voltage E, = 311 V,
output voltage Uy, = 760 V, P, = 1 kW, switch frequency
f,=20KHz R,=0.002 Q, I,=2mH and C, = 1000 uF.

The DSP TMS320F2808 is employed; DSP280R can
run at 100 MIPS, so the coordmate transformation,
voltage regulator, current regulator, SVPWM algorithm,
fuzzy control algorithm and sampling signal process can
all be operated at 20 KHz switching frequency. In Fig. 9a,
channel 1 and 2 show the phase-to-phase input voltage
and input current waveforms, respectively and channel 4
presents the NP voltage waveform between the bridge leg
A and B. Figure 9b gives the output voltages across the
two capacitors. Chanel 1 shows the voltage of C, and
channel 2 shows the voltage of C,, we can conclude the
NP voltage between the output capacitors is always
balanced both in the stage of start and the steady state
due to the NP control strategy based on fuzzy control.
The experimental results show: The use of the proposed
neutral point balance technique is effective and
guarantees three-level PWM rectifier to inplement high
power factor.

CONCLUSION

The neutral point voltage unbalance affected by
large, middle and small vectors 1s analyzed and only the
small vectors can be optimized to balance the neutral
pomnt voltage. And a fuzzy-control-based control
coefficient for small vector generation is proposed. The
NP voltage direction should be judged firstly and then the
time duration of the positive and negative small vectors
are adapted itself and assigned with control coefficient to
control the NP voltage towards balance direction. The
method proposed is easy to be implemented in digital
control mode and the cost can be cut down without
additional current sensor. The balance of the two output
capacitors promises the three-level PWM rectifier to be
operated with unity power factor.
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