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This paper proposes an algorithm to passivity-based control (PBC) for the
current control loop of the cascaded H-bridge converter (CHB) connecting
the grid-connected PV system with the space vector modulation (SVM)
algorithm using the law of expanding any number of voltage levels. The
algorithm SVM in this paper is suitable for CHB converters. It can create a
number of high levels of alternating voltage that other methods cannot do.
Passivity-based control (PBC) algorithm aims to create a flexible controller
that can change its structure or parameters to adapt to changes in the system,
ensuring stable system quality, reducing switching losses and gaining energy
conversion efficiency. It enhances the capability of accurately delivering
power on demand to the grid with the CHB inverter in situations in which
the grid demands the mobilization of maximum power from the
photovoltaics (PV) system. The simulation results of the 9-level CHB
system performed by MATLAB/Simulink software have proved the

feasibility of the proposed algorithm.
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1. INTRODUCTION

Among various renewable energies, solar energy is a type of energy source that can be generated on
a large scale and integrated with other renewable sources [1]-[7]. Therefore, grid-connected photovoltaics
(PV) configurations always pay great attention and develop [8], [9]. The multi-level converter is one of the
best converters to be chosen to connect the PV system to the grid at high voltage level. Despite the
advantages offered by topologies like neutral point-clamped (NPC) and flying capacitor (FC) [10], the
cascaded H-bridge (CHB) converter is of special interest because it is one of the feasible choices for large-
scale solar energy conversion with numerous outstanding advantages such as having fewer components
compared to converters at the same voltage level [10]-[13]; suitable for high-power, medium-voltage
applications [8], [12], [14]; a modular structure and high reliability for easy voltage level adjustment and
maintenance [15]. Thanks to these advantages, many applications have been implemented for CHB, such as a
13-level 7.2 kV CHB-based electric drive system [14] and static synchronous compensators (STATCOM)
[15]. However, as the number of levels in CHB increases, the control of switching operations becomes much
more stringent compared to conventional converters, so it is necessary to design optimal switching algorithms.
To achieve this, it is necessary to have appropriate modulation and control algorithms to bring high efficiency
in the power conversion process and ensuring that the output parameters of converter meet design
requirements such as current, sinusoidal voltage, and total harmonic distortion within permissible limits.
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Recently, there have been various control studies for grid-connected PV applications using CHB,
including phase shift carrier based pulse width modulation (PSC-PWM); and level shift carrier based pulse
width modulation (LS-PWM) [16]-[19]. Each modulation method has its advantages and disadvantages, but
the main obstacle to modulation design is the number of CHB modules to increase [20]. To overcome this,
this article proposes a space vector modulation (SVM) modulation algorithm with a law of expanding any
number of voltage levels to easily implement the algorithm when increasing the number of levels of a
modular multilevel converter (MMC). This method has smooth switching and low switching loss and is very
suitable for CHBs with many levels. In a grid-connected multi-level CHB converter, inductors (L) and
resistors (R) are indispensable for generating voltage differentials to transfer power from PV sources to the
utility. However, in practice, the values of L and R can change with variations in ambient temperature,
leading to errors that affect control algorithms and negatively impact the quality of current and voltage. To
address the above problems, this paper proposes a passivity-based control algorithm that aims to adjust the
values of the parameters R and L when affected by conditions outside the system to avoid disturbances
arising during the energy conversion process. The core of this method is to utilize a linear control approach
designed based on the linearized model at the working point. When the object transitions to a different
working point in which the linear controller is not updated or parameters are not changed, there is a potential
risk of degrading control quality [13], [21]. Therefore, this algorithm updates the necessary parameters R, L
to ensure the requirements of power and electricity quality when the grid operates heavily. In this case, the
main objective of this control algorithm is to make the AC current and voltage waveform sinusoidal with a
low total harmonic distortion (THD) index below 5%. This algorithm can overcome the shortcomings when
the grid operates in a heavy-duty mode, which proportional-integral (PI) control methods [22] cannot
achieve. Simulation results are implemented in MATLAB/Simulink. Section 2, details the structure and
mathematical model of the CHB converter are detailed. Section 3 is devoted to designing a passivity-based
adaptive current control loop for the grid-connected CHB converter. Section 4 presents the simulation result
of the proposed control strategy. The simulation objectives for the control algorithm are shown as the
standard sinusoidal current and voltage, the power according to the desired reference value, and the
capacitors operating stably in the allowed state.

2. CIRCUIT STRUCTURE AND MATHEMATICAL MODEL OF CHB CONVERTER

Figure 1 is the structure diagram of a 9-level CHB converter. Each H-bridge includes 4 insulated-
gate bipolar transistor (IGBT) semiconductor switches, supplied by an independent DC source generated by
PV panels and can produce three levels of output voltage: +Vpc, 0, -Vpc by switching the pairs of valves
(S1, S2) va (Ss, Sa) [3], [23]. Equation (1) describes the AC side voltage of the CHB converter in Figure 1.

vy =LSL4+ R j=ABC 1)
Assuming the three-phase load on the AC side is balanced, the voltage on each phase of the AC side:

Vg = Vao = Van + Upno
Vg = Vpp = Uy T+ Upno @)
Ve = Veo = Ven + Uno

Voltage vy, is the common mode voltage with the value calculated in the (3).

1
Uno =3 [va +vp + vcl 3)
Therefore:
di; .
v = [Ld_t]+R'lf+vsf] + vno 4)

From (4) the relationship between converter current and voltage is described by (5):

di; R, 1
E——le‘Fz[Uj—UNO—USj] (5)

Each voltage v,, v, v can take one of three voltage levels V;-(—1,0,1) and is referred to as voltage state
levels. From there we can write: v; = Vpc.vy; In there:
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v; € {-1,0,1} (6)

To generate control signals, the output voltage is in the state space model on the af coordinate system and is
used (7).

VZE(UAN +a-vgy +a®-vey) )

where:

Van = kg Vpe o o M1 M1
van = kg Voc;a = e'3;a2 = /3 ; with ky, kg, ke € {‘T' =101, T}

Ven = ke Ve

when using this conversion (1) is described as (8):

dig, i
L dtﬁ + Rla”g = Ua”g (8)

where v, are the voltage vectors and i is the current vector on the AC side of the converter.

Figure 1. Structural diagram of a CHB converter connected to the grid

3. DESIGN PASSIVITY-BASED ADAPTIVE CURRENT CONTROL LOOP FOR THE GRID-
CONNECTED CHB CONVERTER
Designing control for connecting the CHB converter to the grid includes two loop circuits: an inner
current control loop and an outer voltage control loop [8], [11], with the current loop having a wide enough
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bandwidth for the fastest possible response [12]. The control design is carried out in the dg coordinate
system, with independent control of the d-axis and g-axis components through a passivity-based adaptive
current control loop satisfying requirements to minimize steady-state error while achieving rapid response,
reducing control signal chattering, and maintaining the desired sinusoidal current waveform [24]. The theory
of the passivity-based algorithm is presented in [21], [24]. The passive system is based on energy
conservation principles, meaning it does not generate energy independently [23], [25]. Passivity-based
control (PBC) is a control algorithm whose principle is based on the passive characteristics of the system
(open-loop) to make the closed-loop system a passive system with a desired energy storage function [16].
Adaptive control is adjusting a control system by observing its response [26]. This type of control is often
proposed for systems with imprecisely determined parameters or these parameters are changed while
operating. Adaptive control aims to create a flexible controller that can change its structure or parameters to
adapt to changes in the system, ensuring stable system quality [26]. The mathematical model of BBDC
represents:

{UA = VSA + RAiA + LAdi
dlB

Vg =Vsp + Rplp + Lp—- )
Ve = VUge + Rclc + LCI

Equation (9) is rewritten on the dq coordinate to control the MMC easily, using the PARK coordinate displacement
as (10).

di , .

i= —Eld +(l)lq +l(vd —vsd)

dt L L (10)
dig R . . 1

E_ —Zlq — Wly +z(17q _vsq)

In this context, the linear control model with uncertain parameters is considered a nonlinear system,
and a positive definite function V (e) is used to design a similar adaptation structure to linear multiple-input and
multiple-output (MIMO) systems [15]. Next, the PBC control method is applied to the current loop of the CHB
converter for grid connection with the model like (10). Adaptive control law can be seen as a feedback control
law by adjusting the controller by observing its responses [16]. In the CHB converter, the inductor with
inductance L and resistance R is components that always have errors during manufacturing or may not be
valued correctly during installation. Therefore, the mathematical model given by (10) is called a system with
uncertain parameters, a passivity-based controller like (11) will not have accurate information about the inductor
and resistance. On the other hand, the quasi-passive controller (11) depends heavily on the parameters L and R.
Here, considering (10), the linear control model with uncertain parameters as a problem of nonlinear systems
and applying adaptive control tools to nonllnear systems [15]. Apply the passivity-based controller as presented

in [3] assuming that the parameters R L which are the estimated values of R and L respectively, are used to
update the passivity-based controller parameters, we have (11):

A A
Vg = Rl:i - (I)Ll; - rls(id - l;)ld + Vsa

A A (11)
vy = Rig + wlig — ri5(ig — ig)ig + Vsq
From the kinetic model (10), we have (12):
dig X .
Vg — Vsq =L—+Rld — wli,
(12)
Vg — L + Ri, + wliy

In (12), L and R are the inductor's inductance and resistance values. Set iy = iy — ig;iq = ig — i as
~ A
the difference between the set value and the actual value of the current on the two axes dg and L = L — L;

~ A
R = R — R as the difference between the actual value and the estimated value. With the assumption that the

DC voltage control loop and the external power control loops are slow enough compared to the current

dzd dlq

control loop, then the ~ 0 values are replaced by (11) and (12), we have (13):
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dig _ _dig _R.. L. (rs R\ ;
A ar e ?rlk (L+L)ld+wlq (13)
dig _ _dig _ Lo (R T (g BT
@ - T o @ilatile T @l (L +L)lq
R MDA
Setzy =iy =ig— gz, =g =1ig— g 04 =10, =7
Substituting into (13), (14) is written:
. r1stR w i % 9~
A _ - L Zq —a)lq lg 1
L‘Z] = l Ly _TstR [@J + [ Wil i;] U (14)
— L z D e —
z P ]
Equation (14) in matrix form:
z=yYz+I70 (15)
The control goal is to change the parameters 61, 61 of the controller so that:
“Z_y
L
Determine the valid function V:
V(z6)=z"Hz+06747'0 (16)

where A € R?*2 is a positive definite symmetric matrix, and H € R?*2 is also a positive definite symmetric
matrix satisfying:

TP + Py = —K (17)

where K € R?*2 is a symmetric matrix, positive definite. It is easy to see that the matrix 1 is a stable matrix
(with all eigenvalues on the left of the imaginary axis). This ensures that for matrix K, there exists only a
symmetric, positive definite matrix H that satisfies (17) [4]. Applying Lyapunov theory to ensure a stable

equilibrium z = 0 requires finding 8 such that the derivative V(g) < 0 along the skewed kinematic trajectory
(14). Differentiating (16) along the deviation kinematic trajectory (14), we have (18):

7= 28 GYTH + Hy)x + 2% HTO + 247268 (18)

From here we have the parameter adjustment rule is described in (19):

9 = —ATHz (19)
Substituting (19) into (18) we have (20):

V=-2"Kz<0 (20)
Equation (20) shows that if you choose the parameter adjustment law like (19), the system is guaranteed to be

stable in the asymptotic region. To simplify the parameter updating algorithm, we choose P and A as
diagonal matrices:

[P O [ 0]
r=[ o=t . (21)

Int J Elec & Comp Eng, Vol. 14, No. 4, August 2024: 3894-3904



IntJ Elec & Comp Eng ISSN: 2088-8708 O 3899

Inwhichp;, 4; > 0,i = 1, 2. From there the parameter update rule:

91 = —)ll(—pla)iézl + pzﬂ)i;Zz)

(22)
0, = _Az(_PliZz% + pzi;ZZ)
From (22) we have (23):
A L
0, =-0, =(—pwilz; + pwiz
1 .1 1( DP1WlgZ; T PWig 2) (23)
A ~
0, =-0, = Az(_Pﬂ'ZzZl + pzi;ZZ)
and we have the correction law like (24):
A . )
L =LA (—pwi}z, + pywi;z
: 1( P1Wlgzy T PrWlgZ; (24)
A
R = le(_pllézl + le;ZZ)
The parameters p1, p2 are chosen based on (17), we choose the matrix K:
_JL 0
k=5 | (25)
Then (8) becomes:
- —2p; TlZR (p1 —P2)w
l/) H+ Hl/) = r2+R =-K (26)
(1 —pdw  —2p,
Choosing the parameter r;, = r, = r from (26), the matrix parameter P is chosen as (27).
LZ
P1=P2 = 2(R+1) (27)
Substituting (27) into (24), (28) is written:
A L3
L = /11(0—(—1'*21 + l:iZZ)
(R+1) q (28)

A 3 /., e
R = Azm(lel + lqzz)

With the parameters 4,, 1, are the adaptive constants when designing the parametric tuner.

The controller for the CHB converter to grid connection must ensure the ability to control active
power as well as the ability to receive and generate reactive power independently. The flow controller is a
passivity-based adaptive controller and has the structure as shown. The active power controller generates a
set value for the d-axis current while the reactive power controller output generates a set value for the g-axis
current, both power controllers use a regular Pl. So essentially there is only a current loop without an
intermediate DC voltage loop, so applying passivity-based to the current loop is very suitable. The current
controller on both dq axes is a passivity-based adaptive controller calculated according to formula (2) and
parameter adjustment law (19). The overall structure of the CHB converter for grid connection with the
passivity-based control method to control the current and voltage of the CHB in the dq coordinate system is
shown in Figure 2. The current loop in Figure 2 will help the system control the current, eliminate resonance
fluctuations and protect against overcurrent incidents.

Passivity-based adaptive current control loop of cascaded H-bridge multilevel ... (Tran Hung Cuong)



3900 O3 ISSN: 2088-8708

H- H-
bridge bridge

I I I
| | |
| | |
{5 @] @]
AB,C bridge bridge bridge
.B.C
[ [ |
F le al CHB Converter

Control pulse system for IGBT

> e A
o
iq .
»|  Passivity Based v m
abe/dq | Control dg/abc |—» JUL
: [ » (PBC - Controller) \\w
S Ve
Vg , V) Ve, |
yvvy Ti; T i X SVM Modulation
( ; X P
P=2{rj_.+l'“.i i > l———
3 ve) P, Q Controller
2/ \ Pl «
] L= L D B M

Figure 2. Control system structure for CHB converter

4. RESULTS SIMULATION AND EVALUATION

The simulation parameters for the CHB converter shown in Figures 1 and 2 are presented in Table 1. The
simulation results of output voltage vy, are shown in Figure 3. The voltage on three phases v, of the converter
has a 7-level form. The voltage levels are stable, with no transient phenomena at each level of the working
process. Figure 4 and Figure 5 are the simulation results of the voltage and current on the AC side load of the
CHB converter. The results show that the current and voltage have a standard sinusoidal form, the current
reaches a standard sinusoid within the evaluated time period, the amplitude of the current remains stable with a
constant value throughout the working process. The resulting voltage has a standard and stable sinusoidal shape.
When operating stably, no transient phenomenon occurs.

Table 1. System simulation parameters

Parameter Value Parameter Value
Vbc 4,000 V AC output voltage 3,200 V
Inductance L~ 4.7 mH Grid frequency 50 Hz
Resistor R 0.1Q Sampling cycle T, 200 ps
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Figure 3. Output voltage on three phases of CHB converter
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Figure 4. Output voltage on the AC grid side
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Figure 5. AC grid side current of CHB converter

The results of total harmonic distortion (THD) analysis in Figure 6 and Figure 7 for AC side current
and voltage are 0.03% and 4.26% respectively, the high-order harmonics waves with large amplitudes rarely
appear, which proves the advantages of applying the passivity-based control method combined with the
proposed SVM modulation for the CHB converter. Figure 8 is the shape of the average voltage on the
capacitors of phases A, B, C. The results show that during the initial operation of the CHB in the period from
0 to 0.509 s, the capacitor voltage during operation was not stable so there is a transient phenomenon with the
highest value being 439 V. When operating stably, the capacitor voltage always fluctuates around the rated
value of 400 V. When changing the rated value of the capacitor voltage at a time interval of 0.2 to 0.3 s. The
controller always acts so that the capacitor sticks to its set value within a short time of 0.015 s.

Fundamental (50Hz) = 310.2 , THD= 0.05%

D.D4F

0.035F

Mag (% of Fundame ntal)
Q
5]

0 100 200 300 400 500 600 700 200 900 1000
Frequency (Hz)

Figure 6. Fourier analysis results of grid-connected AC voltage
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Figure 7. Fourier analysis results of grid-connected AC current

4600
4400 i
o 4200
o |
‘_3 2000 i i IR
g I " W
3800
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Times [sj

Figure 8. Average voltage across capacitors of phases A, B, C

Figure 9 and Figure 10 are the values of current ig and current iq in the dq coordinate system of the
converter. The results show that the current ig and current iq closely follow the set value with a small
fluctuation amplitude. The operating process is stable throughout the period of operation. When changing the
set value of current ig and current iq, the actual value is also responded quickly due to the timely action of the
control algorithm. This proves that the control algorithm combined with the proposed SVM modulation
method is reasonable and gives good results in scenarios of changing some set values as well as the working
mode of the converter.
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Figure 9. Current ig in dg coordinate system
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Figure 10. Current iq in dg coordinate system

5. CONCLUSION

The article has proposed the PV system connects to the grid through the CHB multi-level converter.
The conversion process is performed by the SVM modulation method with the rule of expanding the number
of unlimited levels for the CHB converter. This modulation method makes the rule expansion process simple
while still reducing the number of computational states in the converter. In addition, the voltage balancing
process on DC capacitors is performed effectively by taking advantage of the residual states of the
modulation process, helping to improve efficiency and reduce complex control design. This is an outstanding
advantage of the proposed control method when applied to CHB converters compared with other methods.
The grid connection control of the system in the article is performed using the passivity controller, a new
control method that requires information from the converter model, then converted to the dq coordinate
system to perform control based on pre-established models. This method applies to CHB converters,
providing high efficiency. However, this method requires constant parameter updates from the converter to
implement the control method. Simulation results have verified the effectiveness of the proposed modulation
and control methods.
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