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Abstract: Diode clamped multi-level inverter (DCMLI) has a wide application prospect in high-voltage and adjustable speed drive
systems due to its low stress on switching devices, low harmonic output, and simple structure. However, the problem of complexity of
selecting vectors and capacitor voltage unbalance needs to be solved when the algorithm of direct torque control (DTC) is implemented
on DCMLI. In this paper, a fuzzy DTC system of an induction machine fed by a three-level neutral-point-clamped (NPC) inverter is
proposed. After introducing fuzzy logic, optimal selecting switching state is realized by applying various strategies which can distinguish
the grade of the errors of stator flux linkage, torque, the neutral-point potential, and the position of stator flux linkage. Consequently,
the neutral-point potential unbalance, the dv/dt of output voltage and the switching loss are restrained effectively, and desirable
dynamic and steady-state performances of induction machines can be obtained for the DTC scheme. A design method of the fuzzy
controller is introduced in detail, and the relevant simulation and experimental results have verified the feasibility of the proposed

control algorithm.
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1 Introduction

Three-level inverters presented by Nabael!l and other
scholars, also called neutral-point-clamped (NPC) inverters,
have created a new research direction for the development
of variable frequency adjustable speed equipment toward
high power and voltage!?. Under the same switching fre-
quency condition, a multi-level inverter NPC can increase
the capacity of inverters, and decrease high-order harmon-
ics. In order to eliminate the same harmonics, dual-level
inverters with pulse width modulation (PWM) control need
a high switching frequency, which will result in great loss.
On the contrary, the multilevel inverter needs not a high
switching frequency, so its efficiency is much higher[?’*‘r’].
For those commonly used inverter topologies, the diode
clamped multi-level inverter (DCMLI) shows a wide ap-
plication prospect in medium- or high-voltage adjustable
speed drive systems with high performance.

Direct torque control (DTC), as one of the high-
performance AC drives, was extended to the field of multi-
level inverters in the late 20th century. Its physical pro-
cess is very clear. The induction machine is studied in the
two-phase stationary coordinate system, which replaces the
rotating coordinate transformation, and the effect of torque
direct control is emphasized. The close-loop control scheme
based on DTC, thanks to its advantages such as simple
structure and fast torque response, is highly competitive in
constructing high-performance adjustable speed drives[6=9.

However, there are a large number of voltage vectors
in multi-level inverters. For example, three-level inverters
have the number of 3% | namely 27, and five-level inverters
have the number of 5% namely 125; therefore, the com-
plexity of selecting vectors increases when a DTC is im-
plemented on DCMLI. Firstly, the effects on flux linkage
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and torque are different for different voltage vectors. Sec-
ondly, when the voltage vector switches arbitrarily, the out-
put voltage waveforms will be induced to change jumpily,
affecting electric insulation of the machine and increasing
the loss of switching devices. Finally, due to the mo-
tor load, the output of active power will result in imbal-
ance of DC-side capacitors voltage when the capacitors
are charged and discharged. The capacitors voltage imbal-
ance, namely, neutral-point potential fluctuating or excur-
sion, will increase output voltage harmonic content, even
do damages to the switching devices, and so on. The all
above-mentioned will lead to undesirable performances of
the machine operation®~3. Therefore, all these factors
should be considered, when the algorithm of DTC is imple-
mented in induction machine supplied by DCMLI.

A single vector method was used in [14] to implement
DTC algorithm. It is simple but does not consider selec-
tion of the space voltage vector dynamically according to
the flux linkage and torque change. A synthesized vector
method, which considered the capacitor voltage balance and
obtained a better control effect, was proposed in the DTC
algorithm[15]. However, to some extent, it destroys the sim-
plicity of DTC. A fuzzy control method was adopted in [16],
but it did not consider the neutral-point potential balance,
leading to not very desirable results.

Therefore, based on three-level NPC voltage source in-
verter, a novel multilevel DTC with fuzzy logic control re-
alization scheme of induction machine is presented in this
paper. After introducing fuzzy logicl'™, voltage vectors are
selected by applying various strategies which can distin-
guish the grade of the errors of stator flux-linkage, torque
and the neutral-point potential. The basic principle is that
the control of torque and flux linkage of the induction ma-
chine has the first priority. That is to say that for big errors
of torque and flux linkage, it is supposed to select long or
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medium vector, and the utilization ratio of the DC volt-
age increases. Of course, the vector switching should avoid
the phase voltage jumping. On the contrary, for very small
errors (or close to zero) of torque and flux linkage, it is
supposed to select short vector, and the control of neutral-
point potential should be taken into account. In order to
restrict the fluctuation of capacitor voltage, the redundant
short vectors are made full use because of the opposite ef-
fect on the capacity voltage. Thus, in this way, it is feasible
to restrict the imbalance of neutral-point potential effec-
tively in tolerance, to limit the dv/dt¢ of output voltage, to
decrease the switching loss, and to obtain desirable speed
adjusting characteristics. Finally, the simulation studies are
performed according to the proposed strategy. Both simu-
lation and real experimental results indicate that the fuzzy
DTC control system based on DCMLI can achieve better
static and dynamic performances.

2 The fuzzy direct torque control sys-
tem

2.1 System structure

Fig. 1 shows the block diagram of a three-level fuzzy DTC
system of an induction machine. The three-phase output
voltage waveforms are generated by various switching com-
binations of the switches. The NPC three-level inverter and
the induction machine are connected directly, and output
transformer or filter is not necessary.
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Fig.1 The schematic block diagram of DTC supplied by three-
level inverter

It can be seen that the induction machine stator wind-
ings are connected in star-type; only two phase currents
are needed to measure, such as i4 and ip; the third phase
current can be calculated by formula ic = —is —ip. The
observer of stator flux linkage and torque is employed to
implement the coordinate transformation (from three phase
to two phase of stator current) and to observe the values
of the stator flux linkage and electromagnetic torque, i.e.,
to obtain the modulus |ts| of flux-linkage vector ¢s and
its position angle ps, and electromagnetic torque 7T.. The

calculation formulae are shown as follows:

¢as = / (uas — iasRs)dt (1)
wﬂs - / (uBs - ZﬂsRs)dt (2)
ol = /92, + 43, (3)

ps = arctan Vi (4)

Te = np(iﬁswas - iaswﬁs) (5)

where n), is the number of pole pairs, R is the resistance of
stator windings, ps is the position angle of stator flux link-
age, Uas, UBs, tas, i8s, Yas, and Pgs are the components
of stator voltage, stator current, and stator flux linkage in
two-phase stator stationary reference frame («, (), respec-
tively, and uqs and ugs may be re-constructed according to
the DC source and the switching states of the inverter.

In Fig.1, ey, er, and en, are the errors of stator flux
linkage, electromagnetic torque, and neutral-point poten-
tial, respectively, i.e., ey = Vi — |¢s|, er = Ty — Te, and
em = Vy,—Vin, where ¥} is the reference input of stator flux
linkage, T, is the reference input of torque, and V,;, and V,,
are the reference input and measuring value of neutral-point
potential, respectively. With ey, er, em,, and the position
angle of stator flux linkage ps being the input of fuzzy con-
troller, through fuzzifying, rule inferring, and defuzzifying,
the output is the switching states of the three-level NPC
inverter which drives the machine to run.

2.2 Three-level voltage vector and DTC

The main circuit of diode clamped three-level NPC in-
verter is shown in Fig. 2.
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Fig.2 The main circuit of three-level AC speed-adjusting con-
verter

The AC source is rectified into DC source, and the DC
bus capacitor is split into two ones, providing a neutral-
point “m”. The two capacitors not only act on filtering but
also provide voltage supporting. Each arm of the inverter
is made up of 4 insulated gate bipolar transistors (IGBTSs)
devices, and the diodes are connected to the neutral point,
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with V' D1 and V D4 being the clamping diodes. The advan-
tage of the inverter is that the circuit topology is simple,
and the output is connected to the machine directly, with
no transformer needed. The voltage stress of switching de-
vice is only the half of the DC bus voltage, so it is easy
to extend the capacity of the inverter. The disadvantages
are as follows: 1) more devices are needed; 2) the control
algorithm gets more complicated along with the increase in
levels; and 3) the neutral-point potential fluctuates easily.

A three-level inverter is characterized by 3* = 27 switch-
ing states as indicated in Fig. 3, where the space voltage vec-
tor diagram for the three-level inverter is divided into twelve
sectors (S1, S2, Ss, ---, S12). There are 24 active states
and three zero states lying at the center of the hexagon.
According to the modulus of each vector, the 27 vectors are
divided into four classes: long vectors V31—V, medium vec-
tors V7—Via, short vectors Vi3—Vis, and zero vector Vy. The
redundancy degree of long and medium vectors is one, and
the redundancy degrees of short vectors and zero vector are
two and three, respectively.

Fig.3 Space vector graph of a three-level inverter

The conventional three-level DTC, firstly utilizes the di-
agonal between the adjacent medium vector and long vector
to divide the space voltage vector diagram for the three-
level inverter into the twelve sectors, i.e., S1—S12, and then
selects the desired voltage vectors according to the errors
of torque and the stator flux linkage. Taking the stator
flux linkage located in sector S as an example, the selected
voltage vectors are summarized in Table 1.

Table 1 Selected voltage vectors when stator flux is located in

sector S;

Object Selected voltage vector
flux-linkage?, torque? Va, V7, Via
flux-linkageT, torque] Vs, Vi, Vig
flux-linkage |, torque? V3, Vo, Vis
flux-linkage |, torque| Vs, Vio, Vaz

In Table 1, “7” denotes increasing, and “]” denotes de-
creasing. It can be seen from Table 1 that there are three
vectors to be selected when a control objective is applied
to the torque and the stator flux linkage. Considering the
redundancy degree of short vector, i.e., each short vector
corresponds to two switching states, therefore, there are
four likely switching states to be selected. Through further
analysis, it can be seen that the vector affects the torque

and flux linkage with the variation of the modulus and di-
rection of the selected vector. For example, to increase the
torque and flux linkage, V2, V7, and Vi4 can be selected,
but the action on the increasing torque of V4 is the biggest,
the action on the increasing flux linkage of V7 is the biggest,
etc.

In general, in order to decrease the torque ripple, the vec-
tor adjacent the sector should be considered firstly. At the
same time, it is important to avoid switching jump when
using the optimal vector table; otherwise, the switching loss
and output voltage dv/dt will increase, leading to the de-
crease in system reliability. Therefore, the selected vector
maybe a middle value, and sometimes, some transition vec-
tors should be inserted to avoid output voltage jumping,
and to decrease dv/dt. This question should be paid more
attention especially when three-level inverters are applied
to high-voltage and power occasions. From the above, when
a DTC is implemented in DCMLI, all the factors should be
considered. It is difficult to select the vectors; however,
fuzzy control shows its superiority to some extent.

3 The design of fuzzy controller

3.1 The structure of fuzzy controller

As shown in Fig. 1, ey, er, en and the position angle of
stator flux linkage ps are the inputs of fuzzy controller; the
output is the switching states S. Fuzzify ey, er, em, and ps
into fuzzy variables Ey, Er, En, and 6 when introducing
fuzzy logic. The membership functions for the torque error,
stator flux-linkage error, neutral-point potential error, and
stator flux-linkage position are shown in Fig. 4.

The linguistic terms used for stator flux error and
neutral-point potential error are N (negative error), Z (zero
error), and P (positive error). For the torque error, the
terms used are NL (negative large error), NS (negative
small error), Z (zero error), PS (positive small error), and
PL (positive large error). The universe of discourse of the
position angle of flux linkage has been divided into twelve
fuzzy sets (61—012). It can be seen that the linguistic terms
of torque are more than that of the flux linkage. The
torque constant control is the foremost, and then under this
premise, some errors of the flux linkage are inessential. Af-
ter introducing fuzzy logic, by distinguishing the grades of
ey, er, and en,, different strategies are applied to selecting
long vector, medium vector, short vector, and zero vector.
Optimal selecting of switching states improves the system
performances.

This fuzzy controller considers the vector selecting when
neutral-point potential fluctuates. Busquets-Monge!*” an-
alyzed the three-level inverter switching states affecting the
neutral-point potential in detail, and pointed that long and
zero vectors have no effect on neutral-point potential. How-
ever, the switching states of medium vectors and short vec-
tors imply that at least one phase output is connected to
zero bus, and a loop is formed between positive or/and
negative bus. Therefore, the capacitors will be induced to
charge and discharge, leading to the fluctuations of neutral-
point potential.
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Fig.4 The distributions of membership functions for all fuzzy
variables

At present, the control methods for the balance of
neutral-point potential are classified into three types ap-
proximately, i.e., passive control, active control, and lag
control®. The method presented in this paper belongs to
lag control. The redundancy degree of short vector is two,
corresponding to two switching states, and the influence on
DC side capacitors voltage is the opposite of the two switch-
ing states. Making use of this characteristic and detecting
the direction of the neutral line current, we can make DC
voltages of two capacitors almost equal.

The output variable of the fuzzy controller is the inverter
state S. In a voltage source inverter, only a defined num-
ber of different switching states are possible. Thus, the
output variable is discrete. Therefore, the definition of a
membership distribution is not necessary for the output
variable. The output is a clear variable, made up of 27
separate switching states corresponding to nineteen voltage
vectors, and its domain is {0, 1,--- ,18}.

When short and zero vectors are needed, because their
redundancies are greater than one, the desired vector should
be selected according to the principle of the least switch-

ing number, and the detailed method is shown as follows.
When S, = 0, where k denotes the k-th sample period,
then the output Sk_1 at last sample time is utilized. If
Sk—1 = ppo, then ppp is selected, where p denotes the out-
put connected to positive bus and o denotes the output
connected to the neutral point m. If Sx_1 = oon, where n
denotes the output connected to negative bus, then ooo is
selected. In general, short and zero vectors are utilized to
avoid high-voltage changing, to decrease switching loss and
to restrict the neutral-point potential in tolerance.

3.2 The rule sets of fuzzy control

The acquirement of fuzzy control rules is based on con-
trol experiences of DTC and detailed analysis on the in-
verter switching states. According to the space voltage
vector diagram, suppose that the stator flux linkage ro-
tates anti-clockwise and is located in sector S2 (namely
15° < ps < 45°). For example, Fig. 5 can be used to analyze
and obtain the needed fuzzy rule sets.
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Fig.5 Selection of the optimum switching voltage vectors

It can be seen that long vectors Vi, V2, medium vectors
Vs, Via2, and short vectors Vis, Viga will increase the flux
linkage, while long vectors Vi, V5, medium vectors Vg, Vi1,
and short vectors Vig, V17 will decrease the flux linkage. On
the other hand, long vectors V2, V4, medium vectors Vg, Vo,
and short vectors Vi4, Vig will increase the torque, while
long vectors Vi, Vs, medium vectors Vii, Vi, and short
vectors Vis, Viz will decrease the torque.

In summary, selecting V7 will accelerate the flux-linkage
increase and decelerate the torque decrease, selecting Via
will decelerate the flux-linkage increase and accelerate the
torque decrease, selecting Vi3 will decelerate the flux-
linkage increase and the torque decrease, etc. The other
vectors are not analyzed one by one. The following basic
principles should still be emphasized when designing the
fuzzy rules. In order to satisfy the requirement of torque
and flux linkage and to decrease harmonics and the ripple
of torque, the vectors should be selected near the flux link-
age and to avoid the output voltage jump, which can be
done by inserting short and zero vectors as the transition
vector at a proper time, and so on. When extended to the
other sectors, the whole fuzzy control rules can be obtained,
including 540 rules at least.

The above fuzzy control rules can be described by ey, er,
em, and S, where the i-th rule can be expressed as follows:
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iwa:Ai andET:Bi and@zCi
and E,, = D; then S = N; (6)

where A;, B;, C;, D;, and N; are fuzzy or explicit variables
which belong to the universe of discourse for Ey, Er, En,
0, and S, respectively.

3.3 The course of fuzzy reasoning

The inference method used in this paper is Mamdani’s
procedure based on max-min algorithm. The outputs are
obtained directly, and the maximum criterion method is
used for defuzzification. The membership function of out-
put switching state is expressed in the following form.

s(s) = malua, (By) A s, (Er)A

pe; (0) A pp, (Em) A ps; (S)] (7

where pa,, uB,, pc;, and pp, are the membership of A;, B;,
Ci, and D, ps;(s) is the membership values of the switch-
ing states output, and “A” is the minimum operator. The
value of fuzzy output, which has the maximum possibility
distribution, is used as the control output. Then, the non-
linear profile of the fuzzy controller output is obtained, as
shown in Fig. 6.

State

Fig.6 The nonlinear profile of the fuzzy controller

4 Simulation and experiments

In order to verify the feasibility of the fuzzy DTC algo-
rithm proposed in the paper, simulations and experiments
were performed for the induction motor supplied by diode
clamped three-level inverter. These experiments included
speed tracking at different loads, speed step responses, anti-
disturbances, etc. Simulation model is shown in Fig. 1,
in which the main circuit is made up of rectifier, the fil-
ter capacitors at the DC side, inverter and an induction
motor, and the control circuit is made up of flux linkage
and torque observer, the voltage reconstructing unit, speed
proportional-integral (PI) controller and fuzzy controller.

The parameters of the induction motor were as fol-
lows: stator resistance Rs = 3.2 (2, rotor resistance R, =
3.5119 ), stator leakage inductance Lis = 0.027365 H, rotor
leakage inductance L1, = 0.027365 H, mutual inductance
L, = 0.6222H, J = 0.12kgm?, p = 3, and C; = C =
220 puF. The control period was 100us, and the fundamen-
tal frequency was 50 Hz.

Simulation results for the fuzzy DTC algorithm of induc-
tion machine are shown in Fig. 7. Fig.7 (a) was the wave of
stator flux linkage, and the set point was 0.9 Wb. Fig. 7 (b)
shows the speed step response at empty load; the system
was at static excitation stage to build rated rotor flux before
t=0.1s.
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Fig.7 The simulation results of the system

At time t = 0.1s, the reference speed stepped from 0
to 1440 rpm, the speed PI controller of the control system
was quickly saturated, and motor rotor speed reached the
reference value with the biggest acceleration under the ac-
tion of biggest torque, as shown in Fig. 7 (c). About at the
time ¢ = 0.125s, rotor speed was near the given value, and

the speed controller quickly exited saturation, reaching a
steady operation quickly. At the time ¢ = 0.5s, the load
was added suddenly, from ON-m to 5N-m. At the time
t = 0.75s, the load torque was suddenly decreased, from
5N-m to 2.5N-m, and the torque response was shown in
Fig.7(c). It can be seen that the motor torque responded
quickly to the motor load change. The dynamic fall value of
the system was only about 0.3%, and the steady fall value
was zero. All these data indicate that the fuzzy DTC sys-
tem has desirable dynamic and steady performances.

Figs. 7 (d) and (e) give the line voltage of stator windings
and the three-phase stator current at steady operation, re-
spectively. It can be seen that the output voltage of mul-
tilevel inverter is more close to sine wave, with the output
voltage jump reduced. High-order harmonic is very few,
which is beneficial to the steady operation for the induc-
tion machine.

Fig. 7 (f) is the voltage wave of neutral-point of capacitors
in the DC side. It can be seen that the fluctuation of neu-
tral point voltage was restricted effectively to the tolerant.
The fluctuation varied with the variation of the load. The
bigger the load, the greater the fluctuation magnitude, be-
cause of active power output. The charging and discharging
currents became large, and the lag control was used; then
the fluctuation of neutral-point was restricted but not elim-
inated completely.

Experiments were performed with the hardware intelli-
gent power module (IPM) and the controller digital single
processor (DSP) TMS320F2812, the other equipment in-
cluding a 50 Hz, four-pole 2.2 kW induction machine, power
circuit, and so on. The DC bus was 400V, and the inverter
switching frequency was 10kHz. The experimental results
of the proposed control system are shown in Fig. 8. The ro-
tor speed step response in Fig. 8 (a) shows that the dynamic
performance of the DTC drive was not deteriorated by the
proposed algorithm for a three-level inverter system. The
set value of rotor speed was 1440rpm. Fig. 8 (b) is the line
voltage Vi, and phase current i.s (s denoting the stator)
of the induction machine at steady state, which is close to
ideal sine wave. Fig.8(c) is the wave of the neutral-point
potential of the three-level inverter at steady state, and it
fluctuates slightly.
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Fig.8 The experimental results of the system

From the above waves, it can be seen that the experi-
mental results were consistent with the simulation results,
indicating that the fuzzy DTC algorithm is proper and fea-
sible.

5 Conclusions and future work

DTC is an important alternative method for the induc-
tion motor drive system. The main advantage is its high
performance and simplicity. When the DTC was imple-
mented in the three-level neutral-point clamped inverter,
due to the enhanced possibilities for the inverter state selec-
tion in a three-level inverter, a fuzzy logic controller was de-
signed in order to replace the conventional DTC adapted for
a three-level inverter based on a table. This approach pro-
vides a more accurate selection of the inverter state. Sim-
ulations and experimental data of the novel DTC scheme
show the reductions of torque ripple and harmonic distor-
tion in both stator currents and voltages. The system has
desirable dynamic and steady performances.

The future work will focus on the improvement of the
system behavior at low speed, where DTC performance is

less satisfactory.
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