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Tém tit

Bai bao trinh bay mé hinh diéu khién dy bao voi giai thuat tinh toan nhanh két hop voi bu delay dé can bang
dién ap tu va giam tan sb chuyén mach cho bd chinh luu 3 bac diode kep. PAu tién, vector dién ap tham chiéu
duoc thanh 1ap tir mo6 hinh toan ctia hé théng ¢ dang roi rac. Tiép dén, cac trang thai chuyén mach tng vién dugc
chon dua trén vi tri vector dién ap tham chiéu. Cubi cung, xac dinh dugc trang thai chuyén mach tbi wu thong
qua toi thiéu ham chi phi tong. Qua so sanh cho thay, phuwong phap dé xuat cho két qua diéu khién tét hon so véi
phuong phéap thong thuong.
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Abstract’ station [4].
The 3L neutral-point-clamped (NPC) rectifier is

often used in high-power rating, medium-voltage. Its
basic circuit is shown in Fig. 1. The DC-bus output
voltage is provided by two identical capacitors in
series-type, and their neutral-point (NP) is connected
to the mid-point of the clamping diodes in each phase.
This topology generates 3 levels of voltage at the
output terminal of the converter. However, its neutral

- : ) point current is a main reason to cause the DC
position of the reference vector. Finally, the optimal capacitor voltage imbalance. Several Pulse Width

sw1t9h1ng state 1s selefzteq to fnmize ﬂ}lle glob;l C(;]St Modulation schemes have been introduced to solve
function. A comparative investigation shows that the . problem [5-8].

proposed method gives better performance than the

The paper presents model predictive control (MPC)
with  fast-computation combined with delay
compensation to balance capacitor voltage and reduce
switching frequency for the three-level (3L) diode-
clamped rectifiers. First, the reference voltage vector
is established from the mathematical model of the
system in a discrete domain. Next, the candidate
switching state vectors are selected based on the

conventional method. s . 2% 5 I
aly N Pely
. ! D, ry D, ez D, a7
1. Introduction ; ’ % )
Nowadays, active rectifiers are widely used in = B v RD v,
industry because of their advantages over traditional ) t 0
diode-based rectifiers such as bi-directional power oKk Ap . SKE Ap SukE Ap
flow, unity power factor, low total harmonic E " . T aT va
distortion (THD) of grid-side currents, and controlled o " .
DC-bus output voltage. These applications can be N B
found in different areas, including grid-connected — Fig. 1 Structure of 3L-NPC rectifier system
renewable energy systems [1], [2], energy storage The carrier-based  pulse-width  modulation

systems [3], and high-voltage direct current converter (CBPWM) method has been used to balance the DC-
link capacitor voltage. It is implemented by regulating
A . the zero-sequence component of reference voltages
“Plzllen bgn nang cao cuaPaoA’cago ma so 1;11,.t;ham d}r [5], [6]. In [7], [8], the space vector modulation
I‘LIOZ ngft,z i Tr,zen lam quoc tf k.lf thi 5.ve B zeAu. khién (SVM) has been presented, in which the redundant
va Tw dong héa VCCA-20197 dicn ra tai Ha Noi trong switching vectors are utilized to balance the neutral-

,zl.an(g:z}(’) (13/161_1?13/(1)\192121%?1}5?1?1’; gﬁ:;lgThan Negoc Hoan, point potential. With this method, based on the
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capacitor voltage difference, one of redundant small
switching vectors is selected to compensate DC
voltage imbalance. These control methods require
hard calculations and the relationship between the NP
potential and the various switching states is very
complex.

In order to keep the output voltages at the desired
values under the grid voltage distortions or the load
changes and unity power factor, the control
algorithms such as direct power control (DPC) and
voltage-oriented control (VOC) are introduced for
rectifiers [9], [10]. The former control strategy is
efficient, in which the active and reactive power are
estimated, employing the line currents. The switching
state is selected from a look-up table using the power
errors. Also, the DPC scheme uses a PI-controller to
generate the power reference for the inner control
loop [11], [12]. However, its disadvantage is that the
switching frequency is variable, and might increase
the current harmonic distortion. The latter one is
performed due to the orientation of the line voltage
vector in synchronous rotating reference frame [13],
[14]. The direct current reference is generated by DC-
link voltage controller. Nevertheless, the performance
depends on the quality of the current control loop and
the design of parameters for PI controllers is not an
casy task.

In recent years, with the development of digital
signal processors, model predictive control (MPC) has
been successfully applied in power electronics such as
variable-speed motor drives [15], multilevel converter
[16], matrix converter [17], and energy conversion
systems [2]. The method is suitable for controlling
fast varying electrical object, without pulse-width-
modulator, fast dynamic response, and capability to
compensate delay [2], [16]. However, the quality of
the system response depends on the sampling
frequency, which is chosen based on the minimum
time required to perform all tasks [18].

In this paper, the MPC algorithm with fast-
computation is proposed for a 3L- NPC rectifier with
a goal of controlling three objectives: 1) to keep the
DC output voltage stable even when the load or grid
voltage changes, unity input power factor with
sinusoidal current input; 2) to balance the DC-link
capacitor voltage; 3) to reduce the switching
frequency.

2. Mathematical Analysis and Modeling

The 3L-NPC rectifier scheme presented in Fig.1, each
converter phase leg is composed of four IGBT
switching devices and two clamping diodes. An AC
input filter consisted of an inductance/ and a
resistance » which models the filter losses. The DC
voltage of two DC-link capacitors are controlled
equally (i.e., ve; = Ver = vy/2).
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2.4 Circuital 3L-NPC rectifier Model

The input side of the rectifier can be modeled in the
static abc reference frame as:

di V
L4 S, Lty
a2 "

e, =ri,+1

M

. di Vi
€, =T, +lxd_tb+5b%+"zvo

di %
S Lty
dt c 2 NO

e =ri, +1

Where vyo is the offset voltage between the
negative of DC-bus and the neutral-point of the
source, and {S,, S,, S.} are the switching states of
NPC rectifier.

The switching state S, is defined as shown in
Figure 2: Fig. 2(a), Sy = 2 when two upper switches
are ON while two lower switches are OFF; Fig. 2(b),
Sy = 1 when two middle switches are ON while top
and bottom switches are OFF; and Fig. 2(c), Sy = 0
when two upper switches are OFF while two lower
switches are ON. With three modes in each phase, the
converter has 27 different switching states and 19
different voltage vectors as shown in Fig. 3.
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Fig. 2 Switching state of IGBT devices per phase
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Fig. 3 Space vector diagram for NPC rectifier
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Considering a constant DC-link voltage, and the
above analyses, the voltages generated by the 3L-
NPC at the rectifier terminals are showed in Table 1.

Tab. 1 Switching states and voltages at rectifier terminals
for 3L-NPC with x = {a,b,c}

\S/Vevgzlrnng Switching signals Voltage
Sx le SxZ Sx3 Sx4 Vx

2 1 1 0 0 Ve

1 0 1 1 0 Vgo/2

0 0 0 1 1 0

2.5 Proposed MPC

The proposed predictive control algorithm block for
3L-NPC rectifier is shown in Fig. 4. The model uses
an outer linear PI controller to stabilize the DC link
voltage. The DC output voltage is feedback to the
controller by measuring voltages above two
capacitors, the output signal of the PI controller acts
as the reference current i, , while the reference current
iq* is set to 0 for unity power factor.
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Fig. 4 Block diagram of the proposed MPC

The reference voltage vector at time (k+1) is
calculated from the reference current, source voltage
from output of the extrapolation block and measured
currents at time (k). Based on the location of this
vector, 10 candidate vectors were selected by
Selection block to design the MPC. The MPC block is
designed to current tracking, balance capacitor
voltage and reduce switching frequency. The optimal
switching state that minimizes the global cost function
is selected.

2.6 Determine the reference voltage vector

The mathematical model of the 3L-NPC rectifier in
(1) is rewritten under the aff coordinate system as
follows:

dl.(vﬁ
AR

em‘i = rlaﬂ +l

2)
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Yae
2
voltage at terminals of the rectifier, §_,S,,and s, are

Where Vs = %(Sa + ej27r/3Sb + ej47r/3sc> is

the switching states of the phases a, b, and c¢
respectively.

The equation (2) can be obtained in discrete
domain by using the Euler method with sampling
period T as follows:

di _i(k)—i(k—1)
dr T,

The source current in (2) can be rewritten as
follow:

3

[
[+rT

s

iad (k) = iaﬁ (k - 1)

(4)
e, ()=, (k)]

47T,
In order to compensate delay due to algorithm
calculations and analog-to-digital converters. The

discrete equation of the model (4) is shifted one step
forward as:

[
I+rT

s

im’? (k + 1) = in;? (k)

TV
n )
[+rT,

According to the deadbeat control [18], the current
i,;(k+1) will reach its reference current i;ﬂ(kntl) in

©)

][ew (k+1)=v,,(k+1)]

one sampling period and can be expressed as:

g (k1) =i (k+1) (6)
The predicted reference voltage v, ,(k+1)at time

(k+1) respect to the reference current in the next
sampling time can be obtained by using (5) and (6) as:

N [
Vm’i (k Jr 1) = em’f (k Jr 1) + Flmﬂ (k)
g ™

l *
—|r il (k+1
[}’ TS' lmgj( )

The future value of the reference current i:ﬁ (k+1)
and source voltage e ;(k+1) are estimated through

second-order Lagrange extrapolation, which uses one
present and two past samples to calculate the future
reference currents as demonstrated below:

iy (k+1) =31, (k) =30, (k=D + 1, (k—2) (8)
eaa(k +1)= 3eag (k)— 3eaﬁ (k—1) +e,, k—=2) (9)

The cost function for current tracking via reference
voltage vector is defined as follows:

Vi (1) = v, (4 D] +[v5 (e + 1) = v, (k +1)| (10)

8 =

Where vys(k+1) is voltage vector corresponding to
the switching states of the 3L rectifier.
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2.7 Balancing DC-link capacitor voltage

The voltage on the capacitors (v.;, Vv.;) can be
calculated as follows:

dv,, 1

Rt RS | 11
dt 2c ™ an
dv,, 1

d 2™ (12)

Where C;=C,=C is capacitance of each DC-link
capacitor; iyp is the current at the mid-point of DC-
link capacitor Z can be defined from load currents i,
i,, i.on each phase and switching state in Table 1.

i, = Z state(S, )i, (13)
x=a,b,c
L[S, =1
Where state(S,) = if 77
’ 0 S.=2o0r S, =0

Using Eq. (3), the voltage of each capacitor in
discrete domain can be written as:

v (k) = vy (k —1) —Z—éiNP<k> (14)

T, .
Ver (K) =sz(k—1)+%lm>(k) (15)

Equation (14) and (15) are shifted one step
forward for the purpose of delay compensation.

Vcl(kJrl):V(:l(k)*ElNP(kJFI) (16)
T, .
ch(k+1):ch(k)+ElNP(k+l) 7)

The cost function for DC-link capacitor voltage
balance is defined as:

2
gdc :(vcl(k+l)7vz:2(k+l)) (18)
2.8 Strategy to reduce computation time
The conventional MPC algorithm for 3-level

converter needs at least 52us to perform all the tasks
[18]. At each sampling time, this solution uses all 27
switching states for the model predictive to determine
the optimal state. This section presents a strategy to
reduce execution time based on the position of the
predicted reference voltage vector at time (k + ). The
space vector can be divided into six sectors, assuming
that the reference voltage vector located in sector I at
the time (k + ) as Fig. 5. In this sector, there are 10
nearest switching states to the reference vector that
are used as candidate vectors for the prediction model.
This solution significantly reduces execution time by
using 10 instead of 27 switching states as in the
conventional method.

With 10 switching states in each sector
corresponding to the location of the reference vector
can ensure the balancing of capacitor voltage or not.
This issue will be clarified by the analysis below.

The voltage difference between the two capacitors
is determined as follows:
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Av, (k+1) = [v, (k +1) = v, (k +1)]— %iw(k +1 (19)

From (19) indicates that the capacitor voltage
balance is controlled by the current iyp. When an
imbalance occurs following the trend v.> v, the
required current is positive and negative for v.;> v.,.
Otherwise, the required current to be zero if v.; = v.,.

As analyzed in Fig. 2(a), 2(c), while S, =2 or S, =
0, no current flows to the mid-point of the DC-link, so
inp = 0. In case S, = 1, the current iyp = i, depends on
the current on the source phase with x={a,b,c}.

Similar analysis for 10 candidate voltage vectors in
sector I, their effects on current i, are listed as in
Table 2. In which, there are 5 vectors for the current
iyp = 0, and 5 remaining vectors always exist at least
one state for iyp is either positive or negative.
Therefore, they ensure the conditions for MPC
algorithm to perform capacitor voltage balancing.

A similar way is repeated when analyzing for the
remaining sectors. The candidate switching states for
the 6 sectors are shown in the Table 3.

Tab.2 Switching states for 6 sectors

Switching Switching

states Current iyp states Current iyp
V0 [000] ip=0 V1[100] by =1,
V7[111] iy =0 V15([210] by =iy
V26(222] 4,,=0 Vo[221] by =i,
V14[200] 4, =0 V2[110] by =i, +i,
VIE220] i, =0 VSR i, =i +i

Fig. 5 Candidate vector selection strategy for sector [

Tab.3 Switching states for 6 sectors

Pre-selected Pre-selected

Sector Sector
voltage vectors voltage vectors
Vo, V1, V2, V7, V0, V4, V5, V7,
I V8, V9, V14, v V11, V12, V20,
V15,V16, V26 V21,V22,V26
Vo0, V2, V3, V7, Vo, V5,V6, V7,
1I V9, V10, V16, A% V12,V13,V22,
V17,V18, V26 V23,V24, V26
Vo0, V3, V4, V7, Vo, V1, V6, V7,
111 V10, V11, V18, VI V8, V13, V14,
V19, V20, V26 V25,V25,V26
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2.9 Reduction of switching frequency

In the MPC algorithm, the performance of the control
depends on the sampling time. The higher sampling
frequency, the better system response. However, it
also makes high switching frequency. The IGBT
switching devices and drivers should operate at
frequency  lower than the  manufacturer's
recommended range. Therefore, reduction of the
switching frequency is necessary.

For NPC 3 L rectifiers with 4 switches per phase
leg, the cost function to minimize the number of
switching between two consecutive sampling is
defined as follows:

e =2 %

i=1 x=a,b,c

Where sf(k+1) and s,(k) are the predicted

switching states at time (k+1) and switching states at
time (k) of i device, respectively.

(20)

st e +1) =5, (6)|

2.10 Global cost function

In this section, 3L MPC control algorithm is used to
control multi-objects: current tracking, balancing the
DC-link capacitor voltage and reduction of switching
frequency with the global cost function is defined in
the following:

8= gi +>\d(:gdc +)\swgsw (21)
Where A, and A, are the weighting factors to

regulate the capacitors and
frequency respectively.

The adjustment of weighting factors is very
important in controlling the objects to achieve the
desired goal [16]. The optimal switching state is
selected based on the minimized value of the global

cost function.

voltage switching

2.11 Design of DC voltage controller

To control the DC output voltage, an outer linear PI
controller is proposed as shown in Fig.6. It is assumed
that the DC output voltage is constant, the transfer
function between output voltage and input current
through Laplace transform is written as follows:
Vdc Vdc

2/Cs R

I=1 41, =% 4 22)
Ve __ R
I RCs/2+1

Where C/2 is the capacitance of two capacitors C;
and C, in series; R is resistance of load.

The PI controller parameters should be properly
tuned to ensure fast transient response and less
steady-state errors. For a first order system, PI
parameters can easily be calculated using Ziegler-
Nichols method [19].

(23)
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Fig. 6 PI controller for DC voltage

2.12 Implementation of Control Scheme

The flowchart for the digital implementation of 3L
MPC algorithm with fast computation is shown in
Fig. 6. consists mainly of nine steps as follows:

( Initialize Digital Controller )

Measure i(k), e(k), v.i(k)and v. (k)
i*(k) from DC voltage controller

2% | Calculate v¥(k+1) using (7) |

3 | Select candidate voltage vectors (Table 3) |

4y

Predictive
v (k+1)
vei(k+1) using (16)
veo(k+1) using (17)

Initialize Algorithm g, ,= o |

Minimize Global cost Function (21)
if g <gy. then g, =gandj,, = jlg,

Apply s/jop] (k)

Fig. 7 Implementation of FCS-MPC algorithm

Tab.4 System and control parameters

Description Variable Value

Phase voltage source (rms) e 110 V

Source frequency f 50 Hz

Reference DC voltage Ve 400 V

Filter resistance T 0.5Q

Filter inductance 1 4.2 mH

DC-link capacitor Cy, G, 3500 pF

Load resistance R 30Q

Sampling period T, 50 us

k, 0.3
PI controller k. 30
L A 1

Weighting factor - 02
3. Simulation Results
This section presents the results of the
Matlab/Simulink to verify the effectiveness of the
proposed algorithm compared to conventional

algorithm. The model is configured with the
parameters as in the Table 4. In which, the initial
voltage on upper capacitor is set to 150V and lower
capacitor is OV to generate an unbalance of the
capacitor voltages.
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In the first case, the simulation process is
performed with changing load parameters. At time t =
0.15s, a resistive load of 30 Q is added in parallel with
the current load, and disconnected from the circuit at
time t = 0.3s. As the results are shown in Fig. 8(a) and
8(b), input current has sinusoidal waveform (THD =
1.83%) and in phase with source voltage.

g 150 PEAL]

% 100 /\ / \ /\ / \ /\

;::-,1-: \ / \ / \ / \ / \ /

Eﬂm \/ \/ \/ \/ \/
a) 0 oot 002 003 O():Jrime (::Zcmds)oo& 007 008 008 P

. _ Fundamantat {(30Hz) = 25,6, THD=180%
|
.CE::: 02 .
i min

b) h.g,.w,,’.m_;_' . 5

Fig. 8 Response of current and grid voltage on phase a:
(a) Current and voltage, (b) Current harmonic
spectrum

The DC-bus voltage is quickly achieved at set
value. Despite the transient occurs at the time of
changing the load parameters with overshoot about
5% but quickly extinguished after 0.05s as Fig. 9(a).
The remaining results in Fig. 9(b) and 9(c), although
the capacitor voltages were set to produce an
imbalance at the time t = 0, they quickly reached
equilibrium after 0.01s.

500

DC-bus reference voltage

400
= |
w 300
]
E‘m’ load (BKW)
°
s . load 3(KW) load 3(KW)
o la
' &
2 s A AAn
-100

[) 005 01 015 02 025 03 035 04 045 05

a) Time (seconds)
PN IF sl NI L s
/.
gﬂ-} T I S E— e (e e e e
g -
& o= a4 S B2 59'7.5 [ L3 & a5 i}
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Fig. 9 Response of DC-bus and capacitor voltages: (a) DC-
bus voltage; (b) Capacitor voltages, (c) The
magnification of the area is highlighted

To further demonstrate the performance of the
proposed method, a simulation was performed under
changes of the input reference DC voltage. At time t =
0.15s, reference DC voltage changes from 400V to
450V, and from 450V back to 350V at time t = 0.3s.
As observed in Figure 10, the system response is
similar to the case of changing load parameters such
as the unit power factor as Fig. 10(a), the DC-link
voltage quickly reaches reference value in Fig. 10(b),
and the capacitor voltage is balanced with a small
difference of about 0.2V as shown in Figure 10 (c).

L TANRY A" AV ANRYA
A
S I W N A L Y AL N (WY
8 A VAR VARSAVARSAVARSAY.

T
DC-bus

300
’ reference voltage

DC-bus voltages (V)
g

0\!\ f\f( ANANANANANNAN
VY MVV UV VWY

o 005 01 015 02 025 03 035 04 045 05
b) Time (seconds)

Vel N B
1

—Vc2

Capacitor Voltages (V)
g

| | | |
L] 005 (3] 015 02 025 03 035 04 045 05
C) Time (seconds)

Fig. 10 System responses when changing the reference DC
voltage: (a) Current and voltage phase a; (b) DC-
bus voltage; (c) Capacitor voltages

In order to improve the performance of the MPC
algorithm, the sample time is reduced to get better
results. However, this makes switching frequency
higher. Therefore, reducing the switching frequency is
necessary for power converters to operate within the
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allowable range. A cost function to reduce the
switching frequency has been proposed in this paper
as in section 2.6. The evaluation of the effectiveness
of this function is verified through simulations with
variable weight factors /A, The simulation is
performed with a sampling frequency at 20kHz. The
results are shown in Fig. 11, when increasing weight
factor Ay, will be reduced the switching frequency.
However, it also increases the THD of the grid current
and the voltage difference between capacitors.

0 0.2 0.4 0.6 0.8 1 1.2
Weighting factor Asw
Fig. 11 Effect of weighting factor on system response

To obtain a fair comparison between the proposed
method and the traditional method, the simulations
were performed at sample time 75 ps on both with the
same configuration parameters as shown in Table 4.
Program execution time is measured on TI's F29379D
DSP card via the Real-Time Code Execution Profiling
tool. The results obtained in Table 5 show that both
the proposed and conventional methods have similar
effect. The proposed method improves the current
THD, but balancing the capacitor voltage and
reducing the switching frequency is not as good as the
conventional method.

Tab.5 Comparison result of two methods

T=T75 pus Proposed MPC Conventional MPC
Asw THD Ay fow THD Ay fow
0 285 04 2.2 2.88 0.3 2.2
0.2 285 0.6 1.4 2.99 0.5 1.4
0.4 291 0.7 1.2 3.01 0.6 1.2
0.6 296 0.8 1.1 3.13 0.7 1
0.8 2.88 1 1 291 0.9 0.95
1 2.94 1 1 3.04 1 0.86
Er’ifec?:s‘;“ 48052 56821

The best improvement is the execution time. The
program execution time is shown in Figure 12, the
proposed method takes about 48.052us to complete
all tasks, while the conventional method is 56.821us.
This is important in the algorithm that uses MPC,
especially in multi-level converters with more
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switching states that need to operate at high sampling
frequencies to improve system control quality.
Specifically, the conventional method with 27
switching vectors per loop cycle cannot operate at
50us sampling time, but can be performed based on
the fast calculation algorithm proposed in this paper.

Time (ps)
o
&0
50
a0
30
20
10

0 0
Conventional

Proposed

Fig. 12 Compare execution time between proposed and
conventional method

4. Conclusions

In the paper, 3L-MPC algorithm with fast calculation
is proposed to control many objectives such as unit
power factor, capacitor voltage balance and switching
frequency reduction. In addition, the outer PI
controller is used to adjust the DC-bus voltage. The
simulation results demonstrated the excellent
performance of the proposed method, both in transient
and steady states.
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