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Design of Direct Power Controller for a High
Power Neutral Point Clamped Converter Using Real
Time Simulator
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Abstract—In this paper, a direct power control (DPC)
strategies have been investigated in order to control a high
power AC/DC converter with time variable load. This converter
is composed of a three level three phase neutral point clamped
(NPC) converter as rectifier and an H-bridge four quadrant
current control converter. In the high power application,
controller not only must adjust the desire outputs but also
decrease the level of distortions which are injected to the network
from the converter. Regarding to this reason and nonlinearity
of the power electronic converter, the conventional controllers
cannot achieve appropriate responses. In this research, the
precise mathematical analysis has been employed to design the
appropriate controller in order to control the time variable
load. A DPC controller has been proposed and simulated using
Matlab/ Simulink. In order to verify the simulation result, a real
time simulator- OPAL-RT- has been employed. In this paper,
the dynamic response and stability of the high power NPC
with variable load has been investigated and compared with
conventional types using a real time simulator. The results proved
that the DPC controller is more stable and has more precise
outputs in comparison with conventional controller.

Keywords—Direct Power Control, Three Level Rectifier, Real
Time Simulator, High Power Application.

I. INTRODUCTION

ULTILEVEL converters [1], [2] are one of the best

solutions to use in the high power applications.
Recently, the demands for high power converters in order to
connect to the grid for renewable energy and other applications
make using multi-level converters topology more suitable than
two-level PWM rectifier [3]. Using multi-level converters will
leads to the lower voltage stress across semiconductor devices,
lower switching frequency and less harmonic distortion in
AC side. Additionally, regarding to design the appropriate
controller, multi-level converters provide more adjustable
states. As shown in Fig. 1, a high power NPC rectifier is
connected to the grid via DY three-phase transformer. A
capacitor bank is placed at the rectifier output. The NPC
rectifier supplies a time variable load. The H-bridge converter
provides the current of the load which is adjusted with a
current controlled controller. The current of the load changes
from 300A to 6000A in less than 0.3 second. The extreme

A. Zabihinejad is PHD student with Electrical Engineering Department,
Laval University, Quebec city, QC, Canada where he is working in LEEPCI
labratory(amin.zabihinejad.1 @ulaval.ca).

P. Viarouge is Professor with the Department of Electrical Engineering,
Laval University, Quebec City, QC, Canada, where he is currently working in
the research laboratory Laboratoire dlectrotechnique, lectronique de Puissance
et Commande Industrielle.(philippe.viarouge @gel.ulaval.ca).

change of load current affects the DC link voltage and drops
it. In this condition, conventional controller does not have
satisfied performance. Also, the controller must set the reactive
power to zero to decrease the mis-effect of converter on the
grid, especially in the low switching frequencies. In high
power applications, the switch losses will be very important.
It is a significant limitation in order to increase the power
of the converters. Decreasing the switching frequency is
one of the prevalent tasks in order to decrease the switch
losses. This limitation forces us to choose a low switching
frequency- 1 KHz - for this application. Among various control
strategies, the direct power control (DPC) was chosen based on
its high dynamic performance, algorithm simplicity (without
need to coordinate transformation, internal current loops, and
modulator), and robust behavior against system variations due
to the hysteresis controller used for the instantaneous active
and reactive power control [1], [2]. A real time simulator
has been employed to verify the simulation results. The real
time simulator is composed of software and hardware section.
OPAL-RT Company introduces the RT-Lab as the software
which compiles the model in order to implement in the
hardware section. It is fully integrated with Matlab/Simulink
and compiles the generated model in the sympower library.
OP4500 is a real time hardware simulator which is used to
execute the power electronic model. OP4500 utilize the exact
IGBT and Diode and power system elements model using
FPGA technology. Also other parts of simulation will execute
by the powerful CPUs of the OP4500.
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Fig. 1. NPC rectifier with current controlled load

The Real time simulator helps us to execute the very
complex power electronic model in real time to evaluate the
dynamic setting of the controller and power quality of the
converter [4]. It can be a valuable step in order to design
the high power converters which are very expensive and time
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consuming to implement.

II. MATHEMATICAL MODEL of THREE PHASE THREE
LEVEL RECTIFIER

A neutral point clamped rectifier has been shown in the
Fig. 2. Based on KVL, the voltage relations of input circuit
are written as below:
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Fig. 2. Neutral point clamped rectifier
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Va = iaRs + Lspia + VaO

Vo = iy Rs + Lpiy + Vio (1)

‘/c = icRs + Lspic + chO

For node a, there are three voltage states. The point a
connects to “3” if Sy, and So, is ON. This state is fi43-
Similarly, g9 is for “2” and 4 is for “17” [5].

VaO Ha3 Ha2 Hal V30
Vo | = | me3 Hp2 1 Vag 2
Veo He3  fhe2 el Vio

It is obvious that at any time, just one of this states can
be ON to avoid the capacitors shorting. Therefore, for each
phase:

p3t+pet+ =1 (3)

Therefor for phase A

Ha2 = 1- Ha3 — Hal (4)

By substituting in the output voltage equation:

Vao = pa3Ver — pra1Vea + Vg (@)
Therefore,
Vao a3 — fa1 1 Ve
Vo | =] me3 —pp 1 Vea (6)
Veo Hez  —He 1 Vao

By composing the input and output equations, the new
equations will be generated [5].
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Va - Z.afzs + Lspia + ,U/a3‘/cl - //[‘(11‘/62 + VZO

Vo = iy Rs + Lspiy + pp3Ver — pp1 Vea + Vag

@)
Ve =icRs + Lspic + pesVer — pe1Vea + Vao
The fi43, a2, ftq1 are defined as below: [6]
fa1= (M1 +1)
taz=75(Ma2+1)
Har=1 (Mg +1) ®

fas=%5(Ma3+1)

In the output of the rectifier, the currents 1, I and I3are
as below:

I Ha3  Ha2 Hal 1,
L | =1 s w2 por Iy )
[3 He3  He2  Hel Ic

The output DC current of the rectifier is:

Clp‘/cl = _Idc+ﬂa3la +Nb3[b+U63]c

10
CQP‘/CQ: _(Idc"’,U/aBIa+NbSIb+H(:SIc) ( )

Now, we have five state variables and five state equations
in ABC system regarding to the input and output circuits of
the rectifier.

To decrease the number of variable and achieve the simpler
controller, the equations were transferred from ABC to D-Q
synchronous reference frame system. This transformation is
done usingT (6) where, 6= 27 f,.

Also, the modulation indexes (p) are transferred to D-Q
system. Using the synchronous reference frame transfer
function, our state equation will be as below:

pIq:%(Vq - Rqu - WcLsId_‘/cllufq?)"‘VcZqu)

pla=1- (Va—Ryly + we LsIy—Vei pras+Vezpiar)
pVea= *c% [Tac—3 (nq3lg+pasla)]
pVeo= _%2 [Lic"‘% (/qulq"f‘,ufdlld)]

WhereV;.=V,1+V,o Ve=Vs, Va=0,

an

TIy=Iyp;

III. DIRECT POWER CONTROL CONCEPT

In 1998, Noguchi [2] has proposed the basic principle of the
Direct Power Control (DPC) which is based on the well-known
Direct Torque Control (DTC) for induction machines. In the
DPC, the active and reactive powers are utilized instead of
the torque and flux amplitude used as the controlled output
in the DTC [2], [6]. Recently, different concepts of DPC has
been proposed by researchers. The main goal of these concepts
is achieving an appropriate algorithm in order to select the
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switching states from a switching table based on the errors
present in the active and reactive powers, which are limited
by a hysteresis band.

The most important advantages of the DPC strategies are
the simplicity of calculation, high dynamic response, it’s
robustness regarding to system variations and the possibility
to control the active and reactive power in the same time.

Three-level converters, can generate a two-layer hexagon
centred at the origin of the (a, /3) plane and a zero voltage
vector at the origin of the plane. The voltage vectors of the
NPC depends only on the leg states of the rectifier. The
principle of operation shows that it can generate twenty seven
space vectors. Regarding to reduce the current distortion,
the desired voltage vector is to be assembled of only direct
adjacent possible switching states of the converter [7].

As shown in Fig.Fig. 3, three level converter generates
eighteen possible non-zero vectors where two-level converters
just are able to generate six voltage vectors and two zero
vectors. Base on their magnitudes, the space voltage vectors
usually are divided into four groups as below Table:

TABLE I
DIFFERENT TYPES of VOLTAGE VECTOR of the NPC

Zero voltage vectors

Vo

small voltage vectors

V1,Vv4 V7,V10, V13, V16

middle voltage vectors

V3,V6,V9 ,VI2, V15, VI8

large voltage vectors

V2,V5,V8,VIl V14, V17

4 B

Fig. 3. Space voltage vectors of a three-level rectifier

The second significant reason to use the multilevel converter
is the possibility to work with lower switching frequency
whiles the output is generated with higher switching frequency.
This advantage is very important in order to design high power

application where the value of the switching losses is the most
important point in the design process.

Researchers proposed two methods to calculate the active
and reactive power in the DPC strategy. In the first method,
the measured line currents ia, ib, and phase voltages ua, ub are
used in the power calculation. Using the stationary coordinate
system, the transient value of active and reactive power can be
estimated for sinusoidal and balanced phase voltage as below:

P = %(uaia + Uﬂiﬂ)

Q = $uais - usia) a2

In the second approach, the Virtual Flux strategy [2] has
been proposed to equalize the phase voltage and the AC
side inductors to be quantities same as a virtual AC motor.
The mathematical model of three-level rectifier in (d, q)
synchronous plane based on DPC is described as, [8].

% = 3L‘ZS (usd - us’r')
dQ _ i (13)

at 3usd.T5

Where, usq, u,q are the source voltage and rectifier voltage
in the synchronous plane. The phase voltage of the phase a,
is aligned with the d axis.
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Fig. 4. The diagram of the DPC controller

The diagram of the DPC controller has been shown in Fig.
4. The input parameter are the source currents and voltages.
Also, the DC link voltage is the feedback parameter which
is compared with the setpoint and passed through the PID to
generate the reference of the active power. Also, to increase
the power coefficient, the setpoint of the reactive power will
set to zero.

Another important parameter in DPC concept is the angel
of space vector (). Regarding to 12 section which is seen in
Fig. 3, the value of 6 is defined as below:

(m—1)g<0<nf, 1<n<l12 (14)
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IV. SWITCHING STRATEGY of DPC A. Step Response

In the first section, the step response test has been simulated.
The setpoint of the DC link has been changed from 4500V to
5000V. The Fig.3 show the actual value and setpoint value of
the DC link voltage. The Fig. 5 and 6, shows the ac source
currents and active and reactive power, respectively. The unity
power factor condition of the rectifier is achieved. As seen
in Fig. 7, the DPC strategy choose directly the appropriate
voltage vector to reduce the control error, providing very fast
power control in active power, while, the reactive power keeps
zero with a little oscillation for response the step.

Different switching strategies have been proposed in order
to increase the dynamic response, decrease the harmonics and
reactive power [9]. The more effective strategy regarding to
dynamic response has been proposed as below [9].

AP | <—-h | —=h><h | >h
dp 1 2 3

AP | < -k | —k><k | >k

do 1 2 3
5100
The appropriate switching table for the three first sectors has 50001 =
been proposed in table II. For other sectors selecting the vector w00l |
will be the same. In order to increase the capacity of converter <
to absorb more energy in regeneration time, we modified the £ 48001 ’
. . . . . . >
negative section of active power into two section as seen in £ 4700} g
Table 1L 8
4600 - 4
TABLE I 4000 |
THE SWITCHING TABLE for THREE FIRST SECTORS 14400 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 21 215 22
Time (Sec)
dp dQ 01 02 03 ime (Sec;
3 7 9 10
3 2 0 10 13 Fig. 5. Step response of DC link voltage
1 13 16 16
3 6 8 9 3 —
%10 Time Series Plat:
2 2 4 4 7 1 T T T T T
1 1 1 4
33 5 6 g 51 1
Ldv < — H
,dv < —vg 2 3 5 6 E l
1 2 3 5 3
@
3017 18 2 S s l
1, dv > —v0 2 17 18 2
1 15 17 18 K] 1 I I 1 1 1 I I 1
17 175 18 185 19 185 2 206 21 215 22

Time (Sec)

where dv = Vref = Vbe tink- Fig. 6. The Phase Currents in step response

V. SIMULATION RESULTS

In this research, we utilize two different approaches to ? K\ g
evaluate the controller’s performance. The DPC concept has § 0 ’ \
been verified by Matlab/Simulink and the real time simulator. B T T T BT ¥ Ry
The circuit parameters in the Fig. 1, has been listed in the e
Table IIL g 0 ‘ ; : ‘
TABLE 1II |
THE VALUE of the CIRCUIT PARAMETERS i ]

Time (Sec)

Vs (rms)  Rs (ohm) Ls (mH) Rp(ohm) LpH) fsw(Hz)
2000 0.001 0.8 0.28 0.1 1000

Fig. 7. Active and reactive power in step response

The reference value of DC link voltage of the rectifier which
is connected to two 600mF capacitors is set to 5000V as the ~B- Load Current Control
given value. Also, the reference value of reactive power is set In our application, the load of the NPC is a RL branch which
to zero to let the inverter working in the unity power factor.  is supplied by an H-bridge converter. The current of the RL
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branch is controlled using a current controller. The waveform
of the reference current is the same of a narrow pulse with
the high value in the top. The intense load variation in a short
period of time is a difficult situation in order to design the
appropriate controller. On the other hand, NPC rectifier must
work as bidirectional converter. The conventional controllers
cannot bring suitable response in this condition.

60! T T T T T T T
5000 Actual Value T
Setpoint
__ 4000
<
€
13
5 3000
o
H
]
s
2000~
1000
0 1 1 1 1 1 1 |
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Time (Sec)
Fig. 8. Actual and reference current value of the load
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Fig. 9. DC link voltage using DPC and conventional controller

1“0‘ ‘ ‘ ‘ DP?wmro\ler ‘
% 05
_ st ""”‘www mp s
mummmmmmmm"lm“ I ‘ ‘ i

- 1 " 2 T‘;‘E(Secom) ) 15 s 17

Conventional PID controller

Source current (A)

1 1.1 1.2 13 14 15 16 17
Time (Sec)

Fig. 10. AC source currents in the DPC and conventional controller

The actual and reference value of the load current has been
shown in the Fig. 8. The variation of DC link voltage has
been compared in Fig. 9. As shown in the Fig.9, the maximum
ripple of the voltage is less than 1% for 6000 A at the output
where the case of conventional controller, the voltage ripple
is more than 26%. Also, the AC source currents for DPC and
conventional controller have been shown in the Fig. 10. It is
clear that conventional controller does not have satisfied action
in the case of intense variations of the load current.
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Fig. 11. Active and reactive power in DPC control
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Fig. 12. The steady state source current and FFT analysis for DPC controller
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Fig. 13. The steady state source current and FFT analysis for conventional
controller

Fig. 14. OP4500, OPAL-RT real time simulator and RT-Lab software
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Fig. 11 proves the bidirectional property of NPC rectifier.
When the DC current increases, the active power is stored in
the inductor, therefore, the input active power increases. When
the current decreases, the active power must be came back to
the source very fast. Therefore, the input active power will be
negative. Also, because of inductive load, the reactive power
will increase.

Fig. 12 and 13 show the FFT analysis of the AC source
current in the steady-state for DPC and conventional PID
control strategies respectively. It is obvious that the DPC
controller output has much less harmonics and oscillations
compared to conventional type. The THD value is less
than 43.5% using DPC controller whether in the case of
conventional PID, the THD value is more than 175%.
Therefore, the converter with DPC controller has more quality
of power in comparison with conventional controller and it
will have less mis-effects on the grid and does not need to use
complex filter to decrease the harmonics.

VI. IMPLEMENTATION by REAL TIME SIMULATOR

Real-time simulator (RTS) is a valuable tool of virtual
prototyping used to study the dynamics of a physical
system prior to actual hardware development [10]. Recently,
RTS has been utilized by engineers in various industries
such as aviation [8], power systems [8], networking [11],
automotive [12], traffic management [13], and medicine [14].
The implementation of power electronic converters is very
expensive and time consuming, especially in high power
application. The real time simulator is known as very effective
approach to verify the model dynamics and controller setting
validation.

In this research, OP4500, a real time simulator from
OPAL-RT Company, has employed to evaluate the controller
design. The RTSs often have two main sections; software and
hardware. The software is a computer program which connect
the simulation files to the hardware. OPAL-RT introduces the
RT-Lab as software that receive the Matlab/Simulink files and
translate them in order to load and execute. The OPAL-RT
hardware is composed of two main sections, CPU and FPGA.
The power system and power electronic components are
directly implemented in FPGA section. The RT-LAB uses the
precise model of IGBT, diodes and other power electronic
components. The control system components is executed by
CPU section. All simulation sectors must execute in real time.
Fig. 14 shows the OP4500 and the setup which is prepared for
this project. The results of the simulation using RTS have been
shown in Fig. 15, 16 and 17. Fig. 15 shows the actual and
reference current value of the load. Fig. 16 shows the DC link
voltage in full load using DPC controller. The waveform of
the voltage in RTS and Simulink are the same except the high
frequency spikes. RTS uses the more precise model for IGBTs.
The oscillations which are seen in the voltage waveform are
visible when the exact IGBT model is used. Fig. 17 shows the
three phase source currents in the full load condition. Also,
Fig. 18 shows the steady-state current of the phase A and its
FFT analysis. The FFT analysis shows that the THD value is
more than the value in the simulation. This measurement is

very important in order to design the harmonic filter for the
converters.
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Fig. 15. Actual and reference value of load current using RTS

5020

5000

s
8
2
3

4960

DC Link Voltage (V)

4940

4920

22
Time (Sec) «10°

Fig. 16. DC link voltage in full load using RTS

x10°

o
@
T

o

three phase currents(A)

e "’l(l "& M

15 . . . . . . .
18 1.9 2 2.1 22 23 24 25 26
Time (sec)

Fig. 17. The source currents in full load using RTS

VII. CONCLUSION

In this paper, the validity of a proposed DPC control strategy
for a high power NPC rectifier with a time variable load has
been investigated using two different approaches. The concept
of DPC control is proved by the Matlab/Simulink and real
time simulator results. Real time simulator is an effective
and valuable approach to demonstrate the validation of the
controller setting in power electronic design especially in high
power application [8], [11]-[14]. The results of DPC controller
has been compared with conventional PID controller. The
simulation results proved that the DPC controller has better
dynamic response, less ripple, harmonics and voltage drop.
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Fig. 18. The steady state current source and FFT analysis of the RTS output

Implementation of high power application is very expensive
and risky. Real time simulator help us to evaluate the
simulation results. The OP4500 - OPAL-RT simulator - was
used in this research. The results with RTS proved the
simulation results.
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