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Effective controller design for the three-phase cascaded
H-bridge multilevel active power filter

Abstract. This paper presents the modelling and effective controlled design for the three-phase cascaded H-bridge (CHB) multilevel active power
filter (APF). The mathematical model of the CHB-APF is derived using state-space representations, and the discrete domain model is also presented.
A robust predictive current controller is proposed, which shows excellent steady-state precision and sufficient dynamic characteristics owing to the
Luenberger observer-based adaptive control algorithm. The digital simulation results obtained from the Matlab/Simulink and the electromagnetic
transient program (EMTP-ATP) are presented. The validity and effectiveness of the devised control algorithms are validated by the simulation results.

Streszczenie. Zaprezentowano modelowanie | projekt trzyfazowego kaskadowego wielopoziomowego filtru aktywnego mocy. Opracowano
predykcyjny sterownik prgdu z algorytmem bazujgcym na obserwatorze Leuenbergera. Zaprezentowano symulacje z wykorzystaniem programu
Matlab/Simulink i EMTP-ATP. (Projekt sterownika do trzyfazowego kaskadowego wielopoziomowego filtru aktywnego mocy)

Keywords: Power quality, Harmonic pollution, Active power filter, Cascaded H-bridge, Robust predictive current controller

Stowa kluczowe: jako$¢ energii, fi8ltr aktywny, sterownik pradu.

l. Introduction

Due to the proliferation of nonlinear loads, the harmonic
pollution of the electric power system is increasing rapidly.
These nonlinear loads draw a large amount of distorted
currents from the utility, results in significant power quality
contamination and severe electromagnetic interference to
the sensitive loads [1]. The active power filters (APFs) are
considered as the most effective solution to the harmonic
pollution problems due to the advancement of the modern
control theory, digital signal processing techniques and the
power semiconductor devices [2-5].

Among various topologies of the APFs, the cascaded H-
bridge multilevel configuration is appreciated for the high-
power medium-voltage applications due to its modularity
and flexibility of manufacturing. However, restricted by the
limited switching frequency of the power devices, achieving
stable operation and accurate reference tracking is rather
complicated. This paper aims to present the mathematical
model and predictive current controller design for the CHB-
APF, which can be applied to practical applications [6-10].

The organization of this paper is as follows. Secition Il
presents the modelling and controller design for the three
phase cascaded H-bridge active power filter (APF), and
the Luenberger observer is devised to enhance the steady
state precision and dynamic characteristics of the current
controller with enhanced robustness under control delay
and parameter variations. Sections Ill and IV present the
simulation results obtained from Matlab/Simulink and the
electromagnetic transient program (EMTP-ATP) to validate
the effectivenes of the control algorithm. Finally, Section V
concludes this paper.

Il. Modelling and Controller Design for the Three-Phase
Cascaded H-bridge (CHB) Active Power Filter (APF)
A. Mathematical Model of the Three-Phase CHB-APF
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(a) Overview of the proposed three-phase CHB-APF.
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(b) Circuit diagram of the chain-link between phases ‘A’ and ‘B’.

Fig. 1. The schematic of the three-phase cascaded H-bridge (CHB)
multilevel active power filter (CHB-APF).

Fig.1 shows the circuit configuration of the three-phase
cascaded H-bridge multilevel active power filter (APF).
Fig.1(a) shows the overview of the CHB-APF, where the
multilevel inverter chain is connected in delta-connection.
Fig.1(b) denotes the detailed illustration of the chain-link
between the phase ‘A’ and ‘B’ [2, 6, 11].

In Fig.1, the grid voltages are denoted as Vsa, Vsh, Vsc, the
phase to phase voltages are represented as Vsap, Vspc and
Vsca, @and the multilevel inverter output voltages are denoted
as v v v . The injection currents of the cascaded
inverters are denoted as i{", i) and if. The differential
equations of the CHB-APF can be derived as [11-13]:

d .ab rL .ab 1 ab
— =—:1, +—(v , —V
d[ f L f L( aN .mb)
d 7 1
1 G _ T ghe Db
™) S = ()
d -ca r[, -ca 1 ca
—l, =——1, +—(V y—V_.
dt f L f L( aN sz,n)

To simplify theoretical derivations of the mathematical
model for the three-phase multilevel CHB-APF, Eq.(1) can
be rewritten as:

)

iia/»b[ — _i . i(;br + l Vabr
dt L L
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where i7" =[iy’, i, il , v =viy —v, and the voltage
vectors v and v are denoted as:

3 abe _ Lo e caqr abe _ 1 T

(3) Vav = Z[Vaw Vavs Vavl 5V = Z[Vsalﬂ Vabes Vscal

The three-phase currents and voltages are transformed
into the synchronous reference frame (SRF) [2, 6, 8, 11],
hence the following equations can be derived:

(4) i‘;q =[i,, iq]r = Tabcqu 'iz;-bcsvjq =[v,, Yy ]T = Tabtqu Sy
In the synchronous d-q frame, Eq.(1) can be written as:

(5) —iY =AY +B-vy

d d d de d T d d T
where v =vil —v¥ | vl =[vi,, v T, v =i, vT, and

the state matrices A and B can be written as:

L
_Z @, |
(6) A= :B:Z.IZXZ
Y
0
L

where wo denotes the grid frequency, the state transition
matrix of Eq.(5) is represented as:

(7) O(1) =e™

In oder to derive the eigenvalue of the state matrix A, the
eigen equation is first checked in the following equation:

2

A+r /L -,
n/ 0 =/12+2LrL/1+;LZ+w§=O

@ a0,
L

From Eq.(8), the eigen values are derived as A=—r/L+jwp.

Followed by the principle of linear algebra, there exists a
non-singular transformation matrix P, by which the matrix
A can be transformed into a diagonal matrix as in Eq.(9).

-1 /L+ jo, 0 }

9 A=P'AP =
©) { 0 - [L-jw,

where the transforming matrices P and P™! are denoted as:

(10) P:F 1},1>-‘=1{1 _J}
Jo=J 211

Therefore, the exponential function e™is derived as:

eAt :P_e/\t _Pfl
(11) [ cos(ayt)  sin(@yt)
- —sin(w,t) cos(w,t)

Assuming the sampling time is Ts, hence the differential
equation Eq.(5) can be discretized as:

(12) i (k+1)= A, 17 (k) + By, v (k)

where the matrices Agis and Bg;s are derived as:

(13) A, —@T)—e .| @l sintel)
~sin(@,T,) cos(a,T,)

(14) B, =A"(A,-DB

Since the sampling time Ts is much smaller than the
period of fundamental grid voltage, hence wyTs<<1 holds,
thus cos(woTs)=1, sin(woTs)=woTs. Moreover, the following
approximation holds for the exponential function.

S, 7, 1 7 1 7 1 r
15) et =1-LT + — (&7 —— (L)’ +— (L)' + ...
(15) s 2!(L) s 3!(L) s 4!(L) s

Substituting Eq.(15) back into Eq.(12), the discrete state
matrix Agis can be derived as:

-1 ar

(16) A,=0T)=~ F
—aT, 1-LT,
L1t

Besides, the inverse matrix of the matrix A is derived as:
(17) Alopapio— L | L

7L \2 2 7,
(peai| o L

Substituting Egs.(15)-(16) back into Eq.(13), the discrete
representation of the matrix B can be derived as:

L 4
- -, et ON i
B 7 I/L L 0 . L K 0"s l
dais T, 2x2
(ZL)Z + o, @, _% —oT, _%LTS
(18)
R 2
= I, =—=1
(LL)Z e - , 22 =
I o 0 (z) T + T,

B. Robust Current Controller Design for the CHB-APF
based on the Luenberger Observer

Fig.2 shows the relations between the sampling time and
the instantaneous tracking current with respect to the PWM
modulation signal and the carrier signal. The PWM carrier
is a triangular waveform, and the period of the carrier and
sampling interval are identical to Ts. The PWM modulation
signal is represented by the dashed line, and the present
calculation interval lies between the instants (k-1)Ts~kTs. In
the practical applications, the sampling time lies within the
present control cycle or within the previous control cycle,
as denoted by the points ‘B’ and ‘A’ in Fig.2.
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\/\ R N
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|
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(k+1)T,

i,(t) =<iy(1)>

Fig.2 The relations between the sampling instants and output
current with respect to the modulation signal and the PWM output.
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Therefore, the equivalent control delays can be denoted
as tw=Tx, tn=Ta1+Ts. The model of the current controller
would be derived in the forthcoming section with the effect
of control delay included [14, 15]

Defining 1 (t)_l t-t), v

can be dlscretlzed as:

1 (t)=v¥(t—t,), thus Eq.(5)

1=ty
(19) 1’;” HOE i’;" (t—t,)=e -i’;" )+ J. M LB -v’;” (r)dr

10
Let to=kTs-tg, t=(k+1)Ts, thus Eq.(19) can be rewritten as:

i (k+1) = Ay i, (k)

(20) (k+1)T, ~1

+ eA((kH)T‘ —la—

B [vii ()= v (2)lde

KT~y

In the synchronous reference frame (SRF), v¥(k) is
almost constant, hence the following approximation holds.

(k+1)T; -,

(21) [

KT,

NEVL By (1) dT ~ B, -V, (K)

Defining control delay t=Tqs+mTs, where m={0, 1} and
To<Ts holds, and assuming v%(¢) is constant during two
sampling points, thus the following equation holds.

kDT~
eA((kH)H =) B qu (’[)d’[
KT —ty
(k=m)T,
= '[ eMEIL LT By (1) dr
(22) (k=m)T, =T,
(k=m+1)T, -T,
+ MEL L) By (1) d
(k=m)T,

=By Vil (k—m)+ By - vil (k—m—1)

where the matrices B’ and B can be derived as:

dis dis
BY =A"-[®( -T,)-1]-B,
(23) dis [®(T,-T)-1]
Btillz A [ dis q)(T T)] B Bdl: Bfi(l)s)

Substituting Egs.(20) and (21) back into Eq.(19), we get:
i‘;‘{d(k +1)=A, -i“;f{d(k) -B, -V ”’" L (k)

(24)
+ By Vil (k—m) + Bl Vil (k—m—1)

When m=1 and T4~0, Eq.(24) can be rewritten as:
(25) i, (k+D)=A, i (k) +B, [V (k—1) =¥ (k)]

From Eq.(25), the output voltages of the cascaded
inverter in the d-q reference frame can be derived as:

(26) v (k) =By, [if ,(k +2) = Ay, 17 (K + D1+ V5%, (k +1)

dis,m
where the matrices Agis m and Bgism can be derived as:

14
1--LT w,T.
L ol s
m
Adis,m =A, |L:L,,,:

27) ol 1T
L

‘m

T
—1
L

‘m

B

dis,m B, ‘L:L,,, =

Let i, (k+2)=i% (k) , the predictive current control law
based on the two- p0|nt deadbeat scheme is derived as:

(28) vy (k) =By, -[ig (k) = Ay, i ,(k+ D]+ 9, (k+1)
From Eq.(28), it can be deduced that, to calculate the
term v (k) , the variables i’ ,(k+1)and v (k+1) needs
to be estimated. In this paper the Luenberger observer is
used to estimate the currents in d-q reference frame, the
equation can be denoted as:
i, (k+1)=(A

(29) R dis,m
+B

Mdrs) l
v (k—1)—

)+ M, i (6)
A0

dis,m
where 1"" ,(k) is an estimate of 1 .(k) ,Mgs denotes the
gain matrrx of the Luenberger observer When Agism— Myis,
the Luenberger-based predictive algorithm reduces to the
traditional predictive current control algorithm. Notably, the
parameter of the matrix Mgy must satisfy the condition that
the eigenvalues of |Agis n—Mais| are within the unit circle. As
for the estimation of ¥ ?,(k+1), the intropolation is utilized:

(30) V9 (k1) = 297, (k) = v, (k 1)

From Egs.(24)-(29), the block diagrams of Luenberger
observer-based robust predictive current controller can be
derived, as shown in Fig.3.

Fig.3(a) shows the detailed block diagram and Fig.3(b)
and (c) show the simplified block diagram. The predictive
current controller is simplifed in a step-by-step manner in
order to better illustrate the equivalent transfer functions of
the current controllers in the following subsections. Based
on the principle of the automatic control theory, the prefilter
Gr(z) can be devised as:

(31) fo (2) = sz,m - z”! '(Adis,m =M1 Mdzlx

And the controller G¢1(z) and Gg(z) can be denoted as:
(32) Gcl(z) = G;; (Z) = Mdi: : [I - Zﬁ] : (Adi:,m - Mdis):rI : Adis,m

- (A Mm) 2]

I+M

(33) G,(z)= Bdrv m

dis

Therefore, the transfer function of the current controller
G¢(z) can be derived as:
G.(2)=G(2)- Gcz(z)

(34) _
=A (z- 1+Mdu) M, -z

dis,m du m

The open-loop transfer function Hopen(Z) is derived as:

(35) Hopen (Z) = (Z I- Adis) le!SB A

dis,m* > dis,m

(z- T+ M, )71 M,

When L=L,, the matrices Agis=Adism, Bdis=Baism, hence
Eq.(34) can be represented as:

(36) Hopen (Z) = (Z I- Adix,m)il ‘A : (Z I+ Mdis)7] : Mdix

dis,m

Hence, the closed-loop transfer function of the current
loop including the prefilter G#(z) can be derived as:

Gue(2)=H,,, () [I+H,,, ()] G, (2)

(37) 1 1 1
=G, +H,, ()]}
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Robust Predictive Controller
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Fig.3 The discrete representation of the robust predictive current control scheme for the three-phase cascaded H-bridge active power filter

(CHB-APF) based on the Luenberger observer. (a) The detailed control

Applying the inverse operation to both sides of Eq.(35),

thus the inverse matrix of Hopen(z) can be derived as:
( ) (Z Adn m
2 Al

dis,m

H,, -D(z-M, +1
( 3 8) upen )( dis )
M, +z-1- (A},

-M)-1

dis,m

Therefore, the transfer function 1+H'

open

(z) is derived as:

- Z Adzlt m +z-1: (A M;LIY)

;ils I+ z ' (Mdix - Adis,m)] =z 'G.ﬁ'(z)

-1
I+ H()pen(z)
=z2 A}

dis,m

dn dis,m

(39)

From Eq.(36) and Eq.(38), we get:

G () =1G;(2) 2"

(40) G//(z)}*l =z
From Eq.(39), it can be deduced that the Luenberger
observer-based robust predictive current controller can be
equivalent to the two-step deadbeat controller if the gain
matrix M, and the inverse matrix G,/ (z) are stable.
To simplify the analysis, Eq.(23) is approximated as:
BO =

dis

A (T, ~T))~1] B

(41) _(TL-T)

Ly

L

) _ _R® _—
IZxZ’Bdis - de: de: - 2x2
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block diagram, (b), (c) The simplified control block diagram.

When the sampling interval Ts is sufficiently small, the
matrices Agis and Agism can be simplified to the diagonal
matrices, i.e., A, ~A, ~e™'Y% .1, Hence, Eq.(20) can
be rewritten as:

dis dis,m

(42) i‘?".d<k+1>=e“W-"‘fd<k>+—w<1 8)- v (k —m)

+8 -V (k—m-1) _v.v,d(k)]

where 6=T,/Ts. In this study, the gain matrix of Luenberger
observer is designed as diagonal matrix, i.e., Mgs=&l and
the coefficient & €[0,1] should be satisfied.

C. Performance Evaluation of Current Controller under
Different Control Delay and Paramter Variations

The proposed current controller is a typical multi-input
multi-output (MIMO) system, which can be decoupled into
two independent single-input single-output (SISO) systems,
thus the decoupling between the d-axis and g-axis can be
ensured [8, 9, 12-14].
Figs.4-8 show the step response and impulse response of
the Luenberger observer-based robust predictive current
controller under different control delay when the paramters
Lm=L and Ts=100us. In these figures, the step and impulse
responses from the d-q axis references to the actual d-q
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axis currents are ploted, and the parameters m, 6 assumes
the following four values: {m=1, 6=0}, {m=1, 6=0.2}, {m=1,

5=0.5}, {m=0, 5=0.5}.
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Fig.4 The step response and impulse response from the reference

i,, i toi,, i, whenL,=L, m=1,45=0.
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Fig.5 The step response and impulse response from the reference

iy, i to iy, i, when Ly=L, m=1,5=0.2.
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Fig.6 The step response and impulse response from the reference

iy, i, to i,, i, when Ly=L, m=1, 5=0.5.
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Fig.7 The step response and impulse response from the reference
iy, i, to i,, i, when Ly=L, m=0, 5=0.5.

It can be observed from Fig.4 that, when m=1 and 6=0,
the response time of d-axis and g-axis current controllers
are identical to 200us, which is exactly two beat lagging
the reference signal. From Fig.5, it can be observed that,
when m=1, 6=0.2, the response time of d-axis and g-axis
current controllers are identical to 700pus. Fig.6 shows that,
when m=1, 6=0.5, the response time of d-axis and g-axis
current controllers are identical to 800us. Fig.7 shows that,
when m=0, 6=0.5, the response time of d-axis and g-axis
current controllers are identical to 600us. And the transient
overshoots are within 0.05pu in Figs.5-7. Notably, it can be
observed from Figs.4-7 that the step response and impulse
response from the d-axis (or g-axis) reference to the g-axis
(d-axis) current have no significant effect. Hence, it can be
deduced that the decoupling between the d-axis and g-axis
is achieved by selecting the gain matrix as diagonal matrix
in the Luenberger observer.
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Fig.8 The root locus diagram of the proposed robust predictive
controller based on the Luenberger observer, the d-axis controller
(a) m=1, 6=0; (b) m=1, 6=0.2; (a) m=1, 6=0.5; (d) m=0, 6=0.5.

Fig.8 shows the root locus plot of the d-axis controller of
the proposed robust predictive control algorithm based on
the Luenberger observer when Lp,=L, Ts=100us, and the
parameters m, 0 are selected as: {m=1, 6=0}, {m=1, 6=0.2},
{m=1, 6=0.5}, {m=0, 6=0.5}. Fig.9 shows the root locus plot
of the cross-coupling term in the current controller based
on the Luenberger observer when L,=L, Ts=100us, and
the parameters m, 6 are same as those in Fig.8.
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Fig.9 The root locus diagram of the proposed robust predictive
controller based on the Luenberger observer, the cross coupling
term (a) m=1, 6=0; (b) m=1, 6=0.2; (a) m=1, 6=0.5; (d) m=0,
6=0.5.

It can be observed from Fig.8 and Fig.9 that, the closed-
loop poles are located within the unit circle, and the zero at
z=1 cancels the unstable pole p=1, thus the Luenberger
observer ensures closed-loop stability of the current loop
controller under a large control delay. On the other hand,
the intersection of the root locus with the unit circle is
affected by the effective control delay. When the paramters
m=0, 6=0.5, the intersection locates at the left half plane of
the unit circle with the maximum bandwidth and the cutoff
frequency. With the increase of the control delay, the
trajectory of intersection point moves to the right half plane
of the unit circle gradually, thus the closed-loop bandwidth
would reduce and the cutoff frequency is also diminished.
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Fig.10 The robustness analysis of the proposed predictive current
controller based on the Luenberger observer when m=1, 6=0.5.
(a)Ln=L; (b) L»=0.8L; (c) L,=1.2L; (d) L»,=0.5L; (e) L»=1.5L.

To analyze the robustness of the proposed predictive

current controller based on the Luenberger observer, the
step response, impulse response and the closed-loop root
locus analysis are performed when the different coupling
inductance are considered. The obtained analytical results
are shown in Fig.10, where the parameter L,,=L, 0.8L, 1.2L,
0.5L, 1.5L, respectively. Fig.10 shows that, the variation of
L, affects the closed-loop bandwidth and response time of
the step response and impulse response.
When L, reduces, the overshoot of the step response and
impulse response also decreases and the system
dynamics becomes sluggish. When L,,=0.5L, the overshoot
equals to zero and the response time is 2.0ms. When L,
increases, the overshoot of the step response and impulse
response increases and the system dynamic response is
also enhanced. When L,,=1.5L, the overshoot equals to
0.6pu and the response time is 1.0 ms. It can be inferred
that the closed-loop poles are always within the unit circle
and the trajectory of the step response converges to unity
under the parameter variations. These properties validate
the excellent robustness of the devised current controller.

lll. Simulation Results Obtained from Matlab/Simulink

To validate the effectiveness of the control algorithms,
the digital simulation of the CHB-APF is performed using
the Matlab/Simulink software. The two-block inverter units
are connected between the phase leg ‘AB’, ‘BC’ and ‘CA’.
The load is composed of three-phase diode rectifier with
the ac-side inductance of 1mH to suppress the high di/dt
ratio, and the dc-side resistance of R=4Q connected in
parallel with the capacitance C=10000uF. The switching
frequency of the IGBTs is set to be 2.5kHz, and the phase
shift between the two inverter units across the same phase
leg is set to be 90 degees [2, 6, 11-14].

The transient response of the CHB-APF is simulated by
suddenly turning on the system for reactive and harmonic
compensation of the nonlinear load. Besides, the dynamic
response of the CHB-APF from the inductive mode to the
capacitive mode is also simulated to test the robustness of
the devised control algorithm, which are presented in the
forthcoming subsections.

A.Transient Response of the Three-Phase CHB-APF
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Fig.11 The transient response when the three-phase CHB-APF is
suddenly turned on under the balanced nonlinear load scenario.

Figs.11-14 show the simulation results of the cascaded
APF for the balanced nonlinear load compensation. The
initial and the reference value for the dc-link capacitors of
the CHB-APF are set to be 50V. It can be observed that
the compensation currents of the CHB-APF track the
reference command within half a cycle, and the sinusoidal
grid currents are achieved at the source side with a unity
power factor. The total harmonic distortion (THD) of the
grid currents reduces from 22.45% to 2.08%, and the
characteristic order harmonics are remarkably reduced.
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For instance, the individual harmonic distortions of the fifth,
seventh order harmonic are reduced from 20.8% and 7.5%
to 1.16% and 1.2%, respectively, which complies with the
power quality standard imposed by Std. IEEE 1992-519.

0 1 ! 1 ! 1

VSG(V)lSW(A)

Vb (V)isb (A)

e (Vs (A)

4 i i
0.0

0 ‘12 0.14 0.16 0.18
time[s]
Fig.12 The transient response of the grid voltage and grid current
when the three-phase CHB-APF is suddenly turned on.
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Fig.13 The transient response of dc-link voltages of the individual
H-bridge inverter units when the CHB-APF is suddenly turned on.
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Fig.14 The transient response of the output voltages of the chain-
link ‘AB’, ‘BC’, ‘CA and the individual H-bridge inverter units.

Fig.13 shows the dc-link voltages of the cascaded APF,
it can be observed that the waveforms of the two inverters
connected to the same phase overlap with each other, but
the dc-link waveforms across the phase ‘AB’, ‘BC’, ‘CA’ are
phase shifted by 120 degrees in the steady state. The dc-

link voltages are controlled to the reference voltage within
one fundamental cycle, with a voltage ripple of 0.8V. Fig.14
shows the synthesized multilevel voltages of each phase
leg and the ac-side voltage of the individual inverter unit.
The three level voltages can be observed from the output
voltages of each inverter unit, and the five level waveform
can be observed from the synthesized multilevel voltages.

B. Dynamic Response of The Three-Phase CHB-APF
from the Inductive Mode to the Capacitive Mode
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Fig.15 The transient response of grid voltage, grid current, CHB-
APF current and the injected reactive power when the CHB-APF is
operated from the inductive mode to the capacitive mode.

Figs.15-18 shows the dynamic response of the multilevel
CHB-APF when it undergoes transition from the inductive
mode to the capacitive mode. The CHB-APF generates a
constant lagging reactive current of 20A when t<0.2s, and
generates a constant leading reactive current of 20A when
t>0.2s. The RMS value of the phase-to-phase grid voltage
is set to be 60V, and the dc-link reference voltage is set to
be 90V.

It can be observed from Fig.15 and Fig.16 that, the APF
currents undergo 180 degrees phase angle jump when the
reference currents are abruptly changed from inductive to
capacitive at t=0.2s. Besides, the grid side currents also
show 180 degrees phase angle jump at t=0.2s, and the
grid currents are 90 degrees leading the grid voltages. The
capacitive power changes from 4kVar to -4kVar within half

a fundamental cycle, without any overshoot.
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Fig.16 The transient response of the grid currents and voltages
when the CHB-APF is under transition from the inductive mode to

the capacitive mode.(Gray: grid voltages; Black: grid currents).
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Fig.17 The individual dc-link voltages when CHB-APF is operated
from the inductive mode to the capacitive mode.

It can be observed from Fig.17 that the dc-link voltages
of the CHB-APF are controlled to the reference values in
both the inductive and capacitive operation mode, with a
voltage fluctuation of 5V. Moreover, the overshoot voltages
are about 15V when the transition from the inductive mode
to the capacitive mode is applied at t=0.2s. Fig.18 shows
the transient response of the multilevel output voltage of
each link and output voltages of the individual H-bridges.
The five level output voltages can be observed from the
ac-link voltages of each phase leg, and three level output
voltages can be observed from the output voltages of the
individual H-bridge modules. Notably, the convex-concave
waveshapes can be observed from the multilevel voltages
in the inductive and capacitive mode of the CHB-APF. And
the phase angle of the grid current is lagging the multilevel
output voltages by 90 degrees in case of inductive mode
and leading the multilevel output voltages by 90 degrees in

case of capacitive mode.
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Fig.18 The transient response of the multilevel output voltages of
each link and the output voltages of the individual H-bridge units.

IV. Control Algorithm Validation using EMTP-ATP

To further verify the effectiveness of the devised control
algorithms for the three-phase CHB-APF, the simulation
using the Electromagnetic Transient Program - Alternative
Transient Program (EMTP-APF) is also performed [5]. The
Transient Analysis of Control System (TACS) and the
MODELS language in the EMTP software are adopted to

implement the control algorithm. The circuit parameters are:

grid inductance Ls=50pH, the coupling inductance of the
CHB-APF L=1mH, the dc-link capacitors of the CHB-APF
Cuc=2000uF, and the load is composed of diode rectifier
with RL-type load, and R,=5Q and L,=0.5 mH. The grid

voltages are set as 380V (phase to phase) and the target
dc-link voltages are set as 400V.
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Fig.19 The dc-link voltages of the three-phase CHB-APF obtained
from the electromagnetic transient program (EMTP-ATP).

Fig.19 shows the dc-link voltages of the multilevel CHB-
APF obtained from the EMTP-ATP software. The voltages
of the two inverters connected between phase ‘A’ and ‘B’
are indicated by ‘t: VDC1’ and ‘t: VDC2'. The voltages of
the two inverters connected between phase ‘B’ and ‘C’ are
indicated by ‘t: VDC3’ and ‘t: VDC4'. The voltages of the
two inverters connected between phase ‘C’ and ‘A’ are
indicated by ‘t: VDCS% and ‘t: VDCG6'. The initial dc voltages
are set to different values to test the convergence of the
algorithm. The dc-link voltage balancing control algorithm
can be found in the reference [11], which is omitted in this
paper for the sake of brevity. The dc voltage balance
controller is enabled at t=0.1s, and a transient increase of
load is applied at t=0.2s. It can be observed that the dc link
voltages converges to the preset values within a few cycles.
The convergence speed can be dynamically adjusted by
tuning the PI parameters in the voltage balancing controller
(VBC), which was extensively discussed in [2, 3, 11].
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Fig.20 The enlarged view of the dc-link voltages of the CHB-APF.
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Fig.21 The grid voltages and currents obtained from EMTP-ATP.

Fig.20 shows the enlarged view of the dc-link voltages
of the CHB-APF. The perfect matching of the dc-link
voltages of the cascaded inverters across the same phase
leg can be observed. Besides, phase displacement of 120
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degrees can also be observed among the dc-link voltages
of the chain-link ‘AB’, ‘BC’ and ‘CA’. Fig.21 shows the grid
currents and grid voltages obtained from the EMTP-ATP
software. Fig.22 shows the load currents, the currents
between each phase leg of CHB-APF with respect to grid
current and voltage in phase ‘A’. It can be observed from
Fig.21 and Fig.22 that the grid side currents are controlled
in phase with grid voltages, thus the unity power factor is
achieved at the grid side. Moreover, sufficient steady state
precision and fast dynamic response is achieved, which
validates the effectiveness of the devised control algorithm.
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Fig.22 The load currents and currents between each phase leg of
CHB-APF with respect to the grid current and voltage in phase ‘A’.

From the extensive simulation results obtained from the
EMTP-ATP and Matlab/Simulink, it can be concluded that
the devised control algorithm is quite effective for reactive
and harmonic compensation for the nonlinear load, which
can also be applied for other grid-connected converters.

V. Conclusions

This paper presents modelling and controller design for
the three-phase cascaded H-bridge multilevel APF. The
mathematical model is derived using state space equations,
and the discrete domain model is also derived. A robust
current controller of CHB-APF is proposed, which is based
on the Luenberger observer with the characteristics of the
two beat predictive current controller. The performance of
the current controller is evaluated, and the effect of control
delay is also taken into account. The system robustness is
analyzed with control delay under parameter variations of
the coupling inductance. Finally, simulation results from the
Matlab/Simulink and EMTP-ATP softwares are presented,
which verifies the validity and effectiveness of the devised
control algorithms.
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