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Revisiting the argmin direct control for the Cascaded H-Bridge Inverter

Manon Doré, Yassine Ariba, Oswaldo Lopez-Santos, and Germain Garcia

Abstract— This paper addresses the direct control of the
Cascaded H-Bridge (CHB) converter as an inverter (DC-AC),
using the argmin control law. This control law derived from
the literature on switched affine systems has been used in the
control community for direct control of DC-DC converters.
However, it has limited effectiveness with the CHB, as it fails to
take advantages of the modularity of this topology. To overcome
this, a revisited argmin control law is proposed. This new
version imposes extra constraints on control inputs to improve
the tracking of a suitable reference, offering advantages over
the classical argmin control law for this specific converter.
Specifically, it significantly reduces switches commutations and
the harmonic distortion. Results are further extended with a
state feedback version to specify the closed-loop dynamic. All
results are illustrated with simulations using PSIM.

I. INTRODUCTION

The Cascaded H-Bridge (CHB) Converter is a multilevel
power converter employed as an inverter in high voltage or
high power applications [1]. It finds application in various
fields such as renewable energy systems [2], [3], electric
vehicle propulsion [4], [5] and High Voltage Direct Current
(HVDC) transmission [6], [7]. This converter produces high-
quality voltage waveform, with reduced harmonic distortion
and high efficiency [8]. The CHB inverter consists in multiple
H-Bridges connected in series, also called cells. Each cell can
be regarded as a module, making this converter topology
highly modular and adaptable to different voltage levels.
Additionally, its structure presents redundancy, providing
fault tolerance capabilities [9].

From a modeling perspective, this converter’s model is
linear, unlike other well known converters like the boost
converter. Its specificity arises from the absence of energy
storage elements within the circuit, meaning that the switches
directly determine the output voltage level.

From a control perspective, converters are often considered
as hybrid systems, specifically switched affine systems, ex-
ploiting the switching nature of transistors. Recent advances
in control theory have introduced the so-called argmin con-
trol law for such systems [10], with several applications on
converters [10]-[14]. In this paper, we point out that the
argmin control law is inefficient for the CHB, and unable to
take advantage of its modular topology. Instead of using the
multilevel structure of the system, the control law naturally
selects extreme output levels by optimization. This results
in poor harmonic quality of the output and high switching
losses.
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To address this issue, this paper revisits the argmin control
law so as to restore the benefit of the converter’s modularity.
The asymptotic stability of the error origin (between the state
and its reference) is proven using Lyapunov methodology
for the closed-loop system. Results are extended with a state
feedback version of the proposed control law, and simula-
tions on PSIM illustrate the effectiveness of the approach.

II. MODELING

The circuit of the considered Cascaded H-Bridge inverter
is shown in Figure 1. Each H-Bridge cell is fed by an isolated
voltage source of same value, denoted V;,,. According to the
state of its switches, a cell can generate a constant voltage
level: V;,, —Vi, or O.

The states of the switches are represented by binary control
variables denoted as u;, where 0/1 correspond to open/close
respectively, and @; = 1 — u;. Each cell requires two control
variables, such that the voltage between the arms of the i*"
cell is (’LLQi — Ugi_l)v;‘n.

Each cell contributes to generate a portion of the overall
output voltage V,,4. This voltage depends on the state of
the switches, and takes values in the set {—mV;,;- - ; (m—
1)Vin; mV;y, }, where m is the number of cells. To complete
the system, we consider that the converter is connected to a
resistive load via an LC filter.

Considering the notations in Figure 1 and the series
topology of the converter, Kirchoff’s laws allow to write the
following model of the overall system:

Vonda = S (ugi — u2i—1)Vin,
(Ll + L2)Z = Vond Vel
Cic =i— 2
Yy =vc

Cell i

C}::ﬁ T (UQi - U2'L—1>Vm

Cell 1 Ly iL

Cell m
l:‘J =
5555

Cascaded H-Bridge

Filter

Fig. 1: System circuit



Taking © = [i wvc]T as a state vector, and defining L :=

L1 + Lo, we can derive a state space model of the form:

{ &= Aoz + 32" w; By, Vip = Aot + BoVona(u)

y:COx
where
_1
L if 7 is odd
0o -1 [ 0 } '
Ag = {1 _If} Bu, = 1
c RC [6} if ¢ is even
1
By = {6] Co = [O 1} u € {0;1}2™

ITI. CONTROL
The objective of the control problem is to determine V4,
through the control of the switches, such that the voltage y
across the load tracks a sinusoidal reference waveform vy, to
ensure the DC-AC function, such that
Ye = M sin(wt) (D)

Based on the circuit model, the current reference i,
associated to the output voltage reference (1) is:

M
ie = CyYe + y—ﬁi = CMw cos(wt) + b sin(wt)  (2)

And the reference V,,q, of V,,q is:

‘/onde = L:L'e + Ye
. ML
= M(1 — CLw?) sin(wt) + Y cos(wt)  (3)

Remfrk 1: The time derivative of the state reference
Le

Te 1= is given by:
€
: fw e Vonde
b = {—CMUP s1n(wt)‘—|— I”écos(wt)] _ {_?ZL + yLd }
Muw cos(wt) -

= AOxe + BOVvondc

A given reference V4, for V,,q must then ensure V.4, €
[-mVin, mViy] to be admissible.

Each wu; variable can take value 0 or 1, resulting in
22m possible combinations. However, many combinations
yield to the same V,,4 voltage. Since V,,q can take only
2m + 1 values, we need only one u; combination for each
voltage level to control the converter. For instance, in a
CHB with 8 cells, there are 65536 combinations of wu;s,
but only 17 of them are needed to generate every Vj,q4
voltage level. To characterize control values, we define set
U, composed of sets Uj that contains u;s combinations,
such that if u € Uy, then V,,q(u) = k x Vi, for k €
{-m,—m+1,...,0,1,... ,m}.

To propose a control law, we first introduce the following
lemma, which provides a sufficient condition on V.4 to
asymptotically stabilize the origin of the error signal.

Lemma 1: Let e := x — x. be the tracking error. For a
given symmetric positive definite matrix Q¢ € R?*? and
P € R?*2 satisfying the LMI

AP+ PAy+2Qc <0 4)

if V,na(u) is controlled such that eT PBy(V,uq(u) —
Vond.,) < 0 always holds, then the origin of e is asymp-
totically stable, in the sense of Filipov.

Proof: Consider the Lyapunov function V (e) = £e” Pe
where P = PT > ( satisfies (4). V is clearly positive definite

and radially unbounded. Its time derivative is
V(e) = BTP (AOe + BO(V(md(u> - Vonde))
Considering inequality (4), we have

V(e) S 7€TQCe + eTPBO(Vond(u) - %nde)

Therefore, if 7 PBo(Vona(u) — Vona,) < 0, then V(e) < 0
and the origin of e is asymptotically stable (AS). [ ]
Remark 2: For the considered CHB circuit, the matrix Ag
is Hurwitz, condition (4) is then always feasible.
In the following proposition, the classical argmin control
law is recalled, with a slightly different proof though.
Proposition 1: Let the reference x. be admissible. For P
satisfying (4), the classical argmin control law

argmin eTP(AOx + BOVond(d))
(d17-<~7d2m,)eU

= argmin eTPBoVond(d) o)
(dl,...,dgm)GU

(uj,...,us,) =

asymptotically stabilize the origin of the tracking error e.
Proof: Considering the same Lyapunov function as in
the proof of Lemma 1 and P satisfying (4), similar arguments
leads to
V(e) < eTPBO(Vond(U) - Vonde)

By construction of the control law (5), the inequality

eTPBOVond(u) < eTPBOVondE

min
(u1,...,u2m)€

holds, and leads to

e PBy(Vona(u) = Vipa,) <0

Then, Lemma 1 is fulfilled and the origin of e is AS. [ |

Lemma 1 shows that for given values of e, P and V,,q_,
multiple V,,4 values can stabilize the origin of e, which
give a certain degree of freedom in the control that can
be exploited. The classical argmin control law can select
many u; combinations, but ends up selecting only extreme
values, due to the optimisation mechanism. In Proposition 2,
a reduced argmin control law is introduced. This new law
uses the degree of freedom in the control to select V4
values that are close to its reference V4, . This is achieved
by reducing the control values that the control law can select
to those close to the reference V4, .

Proposition 2: Let the reference x. be admissible. For P
satisfying (4), the reduced argmin control law

For Vona, € [kVin, (k4 1)V;y] then

(ui,...,us,,) = argmin

(d1,...rdom)€{Uk,Ups1}

el PByV,na(d) (6)

asymptotically stabilizes the origin of the tracking error e.



Proof: Considering the same Lyapunov function as in
the proof of Lemma 1 and P satisfying (4), similar arguments
leads to

V(e) < 6TPBO(VOnd(U) - Vonde)

The control law (6) can only select combinations in sets Uy
or Uiy as a control, leading to V,,q = kViy, or Vypg =
(k + 1)V;,,. By construction of the control law (6)

min

eTPBOVond(u) < eTPBOVOnde
(u1,eeyt2m ) E{Uk,Uk+1}

, since Vona, € [kVin, (k + 1)V;y,]. Therefore, inequality

eTPBO(Vond(u) - Vonde) <0

holds, Lemma 1 is fulfilled and the origin of e is AS. [ ]

IV. STATE FEEDBACK CONTROL

The proposed control strategy can be extended by in-
cluding a state feedback in the control design. First, we
study the dynamic of the tracking error ¢ = x — x., where
Te = [ic ye]T is defined in (1) and (2). Its dynamic is

Te = AO-Te + BOVOTLde

where V4, from (3) is the reference of V,,4. The dynamic
of the tracking error is

e=1— :te = A(]e + B()(Vond(u) - Vondc)

Considering V,,,4 as a continuous virtual control, we design
a state feedback control of the form:

‘/ond = Vvonde — Ke

where the state feedback gain K € R'*2 has to be designed.
The dynamic of the system would then be

e = (AO — B()K)e = /ie

The gain K can be designed using the classical pole place-
ment technique to achieve a desired performance of the
closed-loop system.

Since V,,4 is in fact discontinuous and takes a limited
number of values, the key idea is to use the reduced version
of the argmin control to ensure V,,,4 switches along the state
feedback reference Vi := V4, — Ke.

Proposition 3: Let e := x — x, denote the tracking error,
K € R'?2 a given state feedback gain ensuring the matrix
A = Ay — ByK is Hurwitz, and Vg = V,,4. — Ke be an
admissible state feedback reference. Let a given symmetric
positive definite matrix Q¢ € R?*2, and a symmetric
positive definite matrix P € R?*? solution of the LMI

ATP+ PA+2Q0 <0 (7)
Then, the state feedback reduced argmin control law
For Vi € [kVip, (k + 1)V;y,] then

(ui,...,us,,) = argmin el PByV,yna(d) (8)

(d1,...,d2m)€{Uk,Ups1}

asymptotically stabilizes the origin of the tracking error e.

Proof: First, let’s remark that the dynamic of the state
reference can be expressed as:

Te = AgTe + BQVondE = Apz. + BO(VC + Ke)

Then, consider the Lyapunov function V' (e) = %eTPe where
P = PT > 0 satisfies (7). V is clearly positive definite and
radially unbounded. Its time derivative is

V(e) = eTP(A().’L‘ + BoVona — Aoe — BO(VC + Ke))
= e P((Ag — BoK)e + Bo(Vona — Vo))

Considering LMI condition (7), we have
V(e) <—e"Qoe+e" PBy(Vona—Ve) <" PBo(Vona—Ve)

By construction of the control law (8), we have the following
inequality
e’ PByVyna < e PByVe

involving
V(e) < e"PBy(Vona — Vo) <0

Since V < 0, the origin of e is asymptotically stable. [ ]

Next, we will show through simulation of the application
that using the specific control choice (6) reduces changes
in state variables compared to using (5). It also reduces the
number of switches commutations, which reduces the associ-
ated circuit losses. Additionally, less calculations are needed
to establish the control, as the number of combinations to test
is reduced from 2m + 1 to 2. Moreover, the state-feedback
extension allows to select the closed-loop dynamics of the
tracking error.

V. SIMULATION

To illustrate the proposed control law, a CHB inverter
with m = 8 H-Bridge cells is simulated with PSIM. The
parameters of the circuit are given in Table I.

As explained in Section 3, first paragraph, we can use
only one combination of wu; variables to generate each
voltage level of V,,4. Table II presents sets Uj contain-
ing the u; combination selected to obtain the 17 possible
Vona voltage levels. This specific choice ensure that when
switching between two consecutive voltage levels, only one
control variable, and thus two transistors, need to switch,
which limits switching losses. For example, v € Uy =
(0,0,0,0,0,0,0,0,0,1,0,1,0,1,0,1) leads to Vg = 4V;p,.
In this case, H-Bridges number 5, 6, 7 and 8 will each have
a voltage equal to V;,, between their arms.

For this example, the simulation step is 7;,:= 1us and the
control update period is T¢,,,= 10us. The matrix P needed
to compute the classic and reduced control laws (5) and (6)
is obtain by solving (4) while minimizing the trace of P with

MATLAB and a semidefinite programming (SDP) solver. For

10 N . 0.2027 —0.0002
Qc= [0 ml arbitrarily, we obtain P= [_0'0002 0.0223 | -

To test the state feedback version, the gain K is designed
to achieve a stable closed-loop dynamic with a damping coef-
ficient of ¢ = 1.1 and a natural frequency w,, = 4000 rad/s.
The resulting gain is K = [8.3455 2.1855]. The matrix P



TABLE I: Circuit parameters

Parameter Value Parameter Value
Vi 40V w 271 x 50 rad/s
Li=Ly | 1mH M 220v2 V
C 220 pF R 10 Q

TABLE II: Selected combinations of u; to obtain all possible

values of V4

Ui | Vond Active H-Bridge u;s equal to 1
8 | 8 Vin 1,2,3,4,5,6,7.8 2,4,6,8,10,12,14,16
71 7Vin 2,3,4,5,6,7,8 4,6,8,10,12,14,16
6 | 6Vin 3,4,5,6,7.8 6,8,10,12,14,16
51 5Vin 4,5,6,7,8 8,10,12,14,16
4| 4V 5,6,7,8 10,12,14,16

31 3Vin 6,7.8 12,14,16

2| 2Vip 7,8 14,16

1 Vin 8 16

0 0

L] - Vi -1 1

2 |-2Vip -1,-2 1.3
3-3Vin -1,-2,-3 1,35

4| -4Vip -1,-2,-3,-4 1,3,5,7
50-5Vin -1,-2,-3,-4,-5 1,3,5,7,9

6 |-6Vin| -1,-2,-3,-4,-5,-6 1,3,5,7,9,11

T |- Vip | -1,-2,-3,-4,-5,-6,-7 1,3,5,7,9,11,13
-8 |-8Vip |-1,-2,-3-4,-5,-6,-7,-8 | 1,3,5,7,9,11,13,15

needed for this control law is computed for Q¢ = F 0 }

010
. 0.0016 0.0027
We obtain P =14 0997 0.0061
while solving (7) with MATLAB and a SDP solver.

Figure 2 presents the current with its reference for all
control methods. The classical control results in larger high-
frequency component, causing larger ripples. Like the output,
the transient phase is longer with the reduced control than
with the classical control, but it better tracks its reference,
as emphasized in Figure 5b.

Figure 3 shows the evolution of the output voltage y
compared to its reference for all control laws (m stands
for milliseconds on the time axis). With the reduced argmin
control, the output closely track its reference. The classical
control produces a sinusoidal signal, but with a smaller
amplitude than the reference, as depicted in Figure 5. This
figure also pictures that the transient phase is longer with
the reduced control, but the signal tracks its reference more
accurately at steady state. A shorter transient is not surprising
with the classical control, since it can select more negative
values of the Lyapunov function’s time derivative.

With the state-feedback control law, output and current
follow their references after a short transient phase, with
reduced oscillations. As depicted in Figure 6, signals reach
their references faster with the state-feedback than with the
reduced law without state-feedback. This is expected, as the
state-feedback control law is tuned for a faster closed-loop
system than the open-loop one.

To better understand the control behavior, Figure 4 shows
the inverter output V,,4 alongside its reference. The classic
argmin control law selects only extreme V4 values, due to
the expression minimized by the law. The reduced version

by minimizing its trace

Inductor current |[A] — argmin classic

Inductor current [A] — argmin reduced

i

Inductor current [A] — state feedback

40

[—

20

-20

-40

2] 10m 20m 30m 40m
Time (s)

Fig. 2: Inductor current and reference for a: classical argmin
- b: reduced argmin - c: state-feedback reduced argmin

(with or without state-feedback) forces to choose V,,,,4 values
close to its reference, ensuring accurate tracking, and re-
ducing high-frequency content. The behavior of V4 differs
during the converter start-up, but is similar in the steady
state for both reduced control laws. This is expected since
Ve = Vonad, for e = 0, which is the case in steady-state.

Given the selected closed loop characteristic, we can also
expect less overshoot with state-feedback in the system error
compared to the reduced control law. This prediction is
confirmed in Figure 7, which shows the output error for both
control laws. It is clear that the transient phase is longer with
the reduced control law (6).

Finally, Table III presents performance indicators for the
output voltage with tested control laws. Indicators are: total
number of commutation of u, mean tracking error and
associated standard deviation computed over the last period
of simulation (40 ms to 60 ms, representing steady-state),
and THD (total harmonic distortion) computed over the last
two simulation periods (20 ms to 60 ms). The reduced
argmin control law significantly reduces the number of



Output voltage |V]| — argmin classic

Output voltage [V] — argmin reduced

300 y —
200 Ve —

100

-100
-200

-300

Output voltage [V] — state feedback
300 y —

200 Ve —

100

-100
-200

-300

2] 10m 20m 30m 40m
Time (s)

Fig. 3: Output voltage and reference for a: classical argmin
- b: reduced argmin - c: state-feedback reduced argmin

TABLE III: Output voltage performance indicators

argmin Total commut. Mean error Std. dev. THD(%)
Classic (5) 39984 7.3170 3.6582 0.1231 %
Reduced (6) 3093 0.0530 0.0336 0.0165 %
State-feedback (8) 3397 0.0156 0.0109 0.0096 %

commutations, and thus associated losses compared to the
classic one. It also ensures better tracking and generates high-
quality signal, with a THD around 0.01%. The state feedback
version allows to select the behavior of the closed-loop
system. As denoted on the figures, the system is faster and
more precise with feedback. The overshoot is also reduced,
but these improvements come at the cost of more switching,
which is expected for faster dynamics.

VI. CONCLUSION

This paper has introduced a modified argmin control
law designed for the cascaded H-Bridge inverter. Using a
state space model of the system, we have derived reference
signals for the inductor current and the capacitor voltage to
achieve a sinusoidal output voltage. Through constraints on

Inverter voltage |V] — argmin classic

3

[
(S

2|

[
(S

1

[
(S

J
‘ H““I\Ilmmul\l|‘HHH et

Inverter voltage [V] — argmin reduced

[\

-1

[
(S

-2

[
(S

H‘HN""""""ﬂlmIHHH |
ond
|

-3

[
(S

Time (s)

Fig. 4: Inverter output voltage and reference for a: classical
argmin - b: reduced argmin - c: state-feedback reduced
argmin

the admissible control inputs, we have significantly increased
the output signal quality compared to the classic argmin
control law, and reduced the number of commutations. We
have also proposed a state feedback version of the reduced
argmin control law, extending the approach, and simplifying
the specification of the closed-loop dynamic. Simulations
have shown that it was possible, for example, to speed up
the system at the cost of increase the number of switch
commutations.

However, some aspects were not addressed in the proposed
approach. Specific circuit configuration choices were made to
simplify the control problem, but alternative strategies could
further reduce commutations and optimize power distribution
among H-Bridge cells. Future research should focus on
the robustness of the proposed strategy regarding external
perturbations to give a more realistic study.

Also, a digital implementation of the proposed control in
laboratory is being considered to further validate the concept
and analyze the impact of delays, quantization and noise in
the general performance of the system.
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Fig. 7: Output voltage tracking error for both control laws
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