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Observer-based Switched Control of the Three Level Neutral Point
Clamped Rectifier

Manon Doré, Yassine Ariba and Germain Garcia

Abstract—1In this paper, an observer-based switched control
law is proposed for the three level neutral point clamped (NPC)
converter operating as a rectifier. Modeling the converter as a
switched affine system, the proposed control is based on the well
known argmin control law to track a varying state reference
trajectory. A full-order observer is introduced to compute the
control law with only the measure of the input and the output
voltages. The control aims at tracking a state reference defined
from a power analysis and three objectives are addressed:
to stabilize the output at a given DC voltage, to ensure a
unit power factor by having the input current and voltage on
phase and to have balanced capacitor voltages on the output.
Based on a unified modeling methodology, the control and the
observer are easily derived from LMI conditions. An outer loop
is added to regulate the output when constant perturbations
are considered. The results are illustrated by simulations on
MATLAB/Simulink.

I. INTRODUCTION

Neutral Point Clamped (NPC) inverters or rectifiers is
one of the most used topology of multilevel converter in
high power electrical applications. Indeed, this converter has
several advantages like a low total harmonic distortion (THD)
of the output and a high efficiency [1], which make it popular
for AC/DC applications [2], [3]. The main objectives of the
control are to achieve a unit power factor on the AC side
while maintaining the DC side at a constant given voltage.
Another objective is to ensure that the capacitor voltages are
balanced to avoid the switches to undergo excessive voltage
stress and preserve the quality of the output voltage [4].

From a control point of view, converter models belong
to the class of switched affine systems. This nature comes
from the fact that the dynamic of a converter depends on the
state of electrical switches in the circuit. In the literature,
most widely studied control solutions for power converters
are based on averaged linearized models. More recently, an
effort has been done to propose control methods that take
into account the discontinuous behavior of such systems [5],
[6]. However, control oriented papers on converters usually
consider simple examples such as the Boost converter.

In the literature, some classical approaches can be found
to control the NPC rectifier, like the direct power control
methods based on an averaged model and the use of Pulse-
Width Modulation (PWM) signal. In this case, linear or
nonlinear control techniques are applied, involving several
control loops to handle every control objectives [4], [7].
Advanced control strategies have also been considered, like
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space vector modulation [8] or predictive control methods
[8], [9]. Regarding the switching nature of the converter,
the number of papers dealing with it in the hybrid control
framework is reduced [10].

In the same vein, the observation problem has been even
less considered for this specific power converter, except in
adaptive control schemes [11]-[13], or based on approx-
imated/averaged model [14]. Indeed, the three level NPC
converter have a large number of switches and a dynamic
reference which are the sources of difficulties when com-
pared to numerous examples of converters usually considered
[15]-[17]. Also, the use of an observer is relevant to reduce
the number of sensors and maintenance costs.

This paper addresses the observer-based control problem
of the Three Level Neutral Point Clamped Rectifier. Using
a unified modeling methodology [18] in Section II, a state
space representation of the converter is establish from its
electrical equations while considering its switching nature.
In Section III-A, a full-order observer is designed through
a set of Linear Matrix Inequalities (LMI) deduced from
a Lyapunov analysis. Power analysis allows the derivation
of a suitable state reference trajectory according to control
objectives. The reconstructed state is then used in Section
III-B to build an observer based control law. The proposed
control is of an argmin state feedback control law type [5],
[17], [18], and ensures the global asymptotic stability of the
origin of the tracking error. To regulate the output in the
presence of constant perturbations, Section III-C proposes to
complete the control scheme adding an outer loop that adapts
appropriately the state reference. Section IV presents simu-
lation results carried out on MATLAB/Simulink to illustrate
the effectiveness of the proposed approach.

II. MODELING
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Fig. 1: Three Level Neutral Point Clamped Rectifier Circuit

The considered converter is a three level neutral clamped
rectifier presented in Figure 1. The input supplies are three



phase grid voltages e,, e, and e., each connected to an
inductor L including a parasitic resistance rz. On the DC
side, the load is a resistor I, connected in parallel with two
capacitors C' with a parasitic resistance 7. For the AC side,
the following Assumption 1 is taken into account.

Assumption 1: The circuit operates in balanced mode.
Therefore o,+e,+e, =0 with e = ¢,4, and ¢, = F cos(wt)
, ey = Ecos(wt — 2F), and e. = E cos(wt — 4T).

The circuit contains 12 switches and 6 diodes that aim
at connecting each phase a,b and c to the point P, O or N.
Therefore, we can model the switches with 9 boolean control
variables u;;, where ¢ = a,b,c and j = p,o,n. A u;; will
be equal to one if the phase 7 is connected to the point j.
Since a phase can be connected to only one point at a time,
the following constraints exist:

Uep + Uep + Uen, = 1 with e = a,b, ¢ (D

With this modeling, a phase of the circuit can be repre-
sented as in Figure 2. Applying Kirchhoff’s laws:

Co =TLie+ Lie+Veo+ 0o, Withe=a,bc (2)

Using Assumption 1 and (2), the sum of the three input
voltages is equal to 3v,k + Vo + Upo + Veo. Therefore, we
can deduce that

Vak 1 2 =1 —=1| |veo Vao
Vpk | = § -1 2 -1 Vpo | :=T | Upo 3)
Uck -1 -1 2 Uco Uco
Since
0 ifue=1
Voo = vy if Uepy =1 with e = a, b, c
—vg  if Uey, =1
Then

Vao Uqp Uan
Upo | = |Ubp | V1 — [Ubn | V2 4
Vco Ucp Ucn,

Substituting (3) and (4) in (2), we have the following model

for the AC part:
ia €a Uap Uan
Liw|=|es =T | |uep | v1— |upn |[v2
'}:c €c Ucp Ucn,
Regarding the DC side, according to Figure 1, ¢; and iy are

currents flowing through capacitors. Therefore, Kirchhoff’s
laws give:
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Fig. 2: Schematic of phase a with control variables

Considering the objectives of stabilizing the output and
balancing the capacitor voltages, it is interesting to express
the model through the variables vy = vy +v2, v = V] — V2
and 7., 43 and 7.. Therefore, the model becomes:

i:a €q ia 1 Uq— Uq+
Llip|=|es|—7TL|t 757- Up— | vy +| ups |v_
ic €c ic Uc— Uc+ (5)

. . . . - ; v
C’U+ =11 + 192 = Ug—Tqg + Up—1p + Uc—lc — Ri-:
. . . . . . v
Cvo_ =11 — iy = Ugylq + Upslp + Uetle — o
where u;+ = w;p + Uiy for i = a,b,c and R, = le—gic’

In the context of balanced mode operation (see Assump-
tion 1), it is possible to simplify the model using the
Clarke-Concordia’s transformation, which transforms an abjg

T,
vector [ga  g» ge| into an afy vector [go g5 gy
according to:

T S §
Ja 2 2 2 Ga Ga
gs| = \/g (1) ? —% 9| =C |g
9~ vz B 72 Je Je

Multiplying (5) on the left by C and after some tedious
calculations, the model can be written as:

L {Z“} = {e“}—m {?a}_[{ =4 1?1 Z:: R
e L A\
Ciy = VoRmmmtion, 4 V/Rmagteny —
Ci = VRmimteniy gty -

ro
where e, = Vygcos(wt), eg = Vygsin(wt) and Vg =

\/gE. If we choose z = [iq ig vy v_| T as state vector

and vy as the output, we have the following state space
model:

T = (A() + UGPAUap

+upnAu,, + uCpAucp

y = [0 01 O}x::Cbx

+ uanAu(m + upru,bp
+ UenAu,, )T + Bovin  (6)

where :
[=r2 0 0 0 Lo
0 = 0 0 0L e
Ag = b By = Lt vy = { a]
0 O 0 oof ™ e
0 0 6 = 00 ’
0 0ovE G P/ S/,
—v6 —/6 6 —v6
0w 00 T
Auap = | v6 Au(m = | =v6
37%0 0 O 37\/%00 0
300 0] (3200 0
0 0 2 0 0 ¥
0 0 =22 0 0 =2 2
Ay, = Vs AL AL | A, = Vi v 2L 4L
5% 0 o L A
LG50 2¢ O 0 ] L5050 00
0 0 66 0 0 =66
12L 12L 12L 12L
0 0 X2 2 0 0 =22
Ay, = e va AL AL | A, = /5 v 1L 4L
K L
L5c 3¢ 0 0 l5c 3¢ 0 0




To apply the methodology proposed in [18], modes should
be ordered and a change of variable is required to obtain a
polytopic model. A mode corresponds to a configuration of
the circuit, thus constraints (1) must be considered in their
definitions. Modes and new A, matrices are summed up in
Table 1.

After the change of variables, the model can be expressed as

T = (AQ —+ 212;1 )\114)\1) x + Bovin
Yy = Col‘

(7

This is a polytopic model where the \;’s are the new control
variables. Since only one mode can be active at a time, only
one \; can be equal to one at a time. Thus, ); variables
select a circuit configuration, and we have a switched affine
system. Let us now gather the \; variables into a vector A €
Ag where Ag = {)\ € {0,1}%7: Zil Ai = 1}. Finally, the
model can be expressed in a compact form expressed as:

{ T = Agx + Bo(.’L‘)/\

y = Cox ®)

where By(z) = [AAlx + Bovin Ax,, T+ Bovm}.

III. OBSERVATION AND CONTROL
A. Observer design

The state of a system is not always available to compute a
control law. Moreover, the introduction of an observer can be
useful to reduce the number of sensors. In this context, we
want to design an observer to asymptotically reconstruct the
state of system (8). We assume that in addition of v;,, v
and vcoo are measured. Thus, let us consider the measured
output y,, defined as:

_|veal 10 0 1 1 .
y7n - |:’Uc'2:| - 2 |:0 O 1 _1 T = C7nx (9)

Theorem 1: For a given symmetric positive definite matrix
Qo € R¥*4,if it exists a symmetric positive definite matrix
S € R**4 and matrices W; € R**2 such that the LMI

(Ao+Ax,)"S+8(Ag+Ay,) —CEWT —WiCr+2Q0 < 0

(10)
holds Vi = 1,...,27, then the observer
Qm = C’m-’i'

where Ly, = S~'W,, ensures the convergence of & to .
Proof: Let ¢ = z — 2 be the reconstruction error signal.
Its dynamic is:

= (Ao + 37 Ai(Ay, — LMCm)) e

Consider the Lyapunov function V (g) = 7' Se where S =

ST > 0. V(0) =0 and V(¢) > 0 ,Ve # 0. Regarding its

time derivative, we have

V(E) = ET ((AO + ZfilAzAkz)TS + S(AO + Z?il)‘lAA1>
= SN (SLa, O CHIE 8))e <257 Qo <0

The last inequality is obtained from LMI condition (10) by
defining W; = SL,,. Since V() < 0 ,¥e # 0 and the
dynamic of € doesn’t jump when the control change, we can
conclude that the origin of ¢ is globally asymptotically stable
(GAS). ]

B. Observer based control

The control aims at tracking a state reference computed
according to three objectives: to stabilize the output y at a
given DC voltage setpoint ., to ensure a unit power factor
by having the input currents and input voltages on phase,
and to have balanced capacitor voltages on the output.

The first and third objectives directly set a part of the
state reference since y = v and the difference between the
capacitor voltages is v_. The second objective suggests that
the currents references should be of the form I, cos(wt) for
iq and I,gsin(wt) for ig. Therefore, the state reference can
be expressed as:

iqe(t) I cos(wt)
ige (T 1,5 sin(wt
V_e 0

where I, has to be determined. To achieve this, the power
balance of the system can be studied. Using (6), we can
calculate instantaneous powers in capacitors and inductors,
and recover the rest of the power balance expression:

. . C c
Ligia + Ligig + — vyt + —v_0_

2 2
= —rp(i3 +z‘2)+eaz’a+eﬂiﬁ—£—£ (13)
o 2R.  2rc

For x = x. given by (12), the power balance expression
reduces to:

2
2 Y

0= _Tllaﬁ + Vaglag — 2]%3

To simplify the problem, the objectives can be expressed
in terms of instantaneous active and reactive power p and ¢
instead of currents and voltages. They are expressed as [19]:

Pl [ o] i

With those definitions, the control objectives can now be
summarized as follows: p = p*, ¢ =0, v = y. and v_ =0,
where p* has to be determined. The power balance is then
expressed as follows:

(14)

15)

*2 y2
0= — * e
vz TP TR,

Hence, for a fixed y., p* is expressed as:

Vj@ 27“L R
s 9By 1o 2 | with ye < Vg /5= (16
b 27'L VO?BRC Ye Wity A 27'L ( )

To reduce the power in the system, the smallest solution

should be selected. Finally, by definition (15), I3 = %.
Remark 1: Since the system is a switched system, the

state reference is considered in the sense of Filipov [20].




TABLE I: Modes and change of variables from the physical model (6) to the polytopic model (7)

l MOdC(l) ” Uap [ Uagn [ Uao ” Ubp [ Upn [ Ubo ” Ucp [ Uen [ Uco H AA" l
I 0 0 I 0 0 I 0 0 I 0
2 0 0 I 0 0 I 0 I 0 Avorn
3 0 0 I 0 0 I I 0 0 Ay,
4 0 0 I 0 I 0 0 0 I Auy,
5 0 0 I 0 I 0 0 I 0 Ay, + Augy
6 0 0 I 0 I 0 I 0 0 Ay, T Ay
7 0 0 I | 0 0 0 0 1 upp
8 0 0 I I 0 0 0 I 0 Ay + Auen,
9 0 0 I I 0 0 T 0 0 Auyy T Auey
10 0 I 0 0 0 I 0 0 1 Augn
11 0 I 0 0 0 I 0 1 0 Avor + A
2 0 I 0 0 0 I 1 0 0 Avgn T Augy
3 0 I 0 0 I 0 0 0 I Augy T Auy,
4 0 I 0 0 I 0 0 I 0 Augy + Auy, + Auy
15 0 I 0 0 I 0 T 0 0 Ay T Auyy T Ay
16 0 I 0 I 0 0 0 0 I Ay + Ay
17 0 I 0 I 0 0 0 I 0 Avgn T Aupy T Aticr,
I8 0 I 0 I 0 0 1 0 0 Avan T Auyy T Ay
19 I 0 0 0 0 I 0 0 I Uap
20 I 0 0 0 0 I 0 I 0 Ay T Ly
21 I 0 0 0 0 I I 0 0 Ay T Ay
22 I 0 0 0 I 0 0 0 I Ay T Ay,
23 I 0 0 0 I 0 0 I 0 Ay + Ay + Ay
24 I 0 0 0 I 0 I 0 0 Ay T Aupy + Augy
25 I 0 0 I 0 0 0 0 I Avgy T Ay
26 I 0 0 I 0 0 0 I 0 Ay T Augy T A,
27 I 0 0 1 0 0 I 0 0 Augy + Auyy + Aug,

The addressed problem is to design a control law A :
R — Ag which asymptotically stabilizes the state of the
system (7) at the state reference x. defined by (12), only
measuring the output y,,. The control is expressed based on
the reconstructed state provided by the observer (11). The
observer and the control law can be designed separately,
leading to a separation principle.

Theorem 2: Let € := £—x, be the estimated tracking error
signal, where & is the state estimated by the observer (11)
and z. is defined by (12). For a given symmetric positive
definite matrix Q¢ € R**4, if it exists a symmetric positive
definite matrix P € R*** solution of

AL P+ PAy, +2Qc <0 (17)
Vi =1...27, then the control law
x . ~T ~ ~
N =arg jrel}\r; (e P(AOJ: + Bo(x)d)> (18)

o . ~T ~
= aTgi:Ilil.l‘r‘127(€ PAy %)

makes the origin of the tracking error e := = — x. globally
asymptotically stable (GAS).

Proof: Consider the Lyapunov function V(é,e) =
1(e"Pé 4 aeTSe) where P = PT > 0 is solution of (17),
S = ST > 0 is solution of (10) and o > 0 is a scalar.
V(0,0) =0and V(é,e) > 0,Ve, e # 0. The time derivative
is expressed as

V(e,e) =P (Aoi; + Bo()A + 327, AiLy, Cone — x)
+aeTs (Zil Ni(Ao + Ay, — L,\,L,Cm)> £

For the proposed switching control A* (18), by construction
and convexity

&P (Aod + Bo(#)\") < &7 P( A+ Bo(i).)
Therefore
V()< ep (A0é+(30(g:~)—30(xe)) At T MLy, Cma)
+ae”S (zf; Ai(Ag + Ay, — Ly, cm)) e
- éTP((AO + YT AiAy)E+ T /\iL,\iC’ma)
+aeTs (zf; Ai(Ao + Ay, — Ly, Cm)> e
Inequalities (17) and (10) imply
V(é7 g) < —ef'Qeé+eé'pP Zzl NiLy,Cme — acTQoe

AT o[-0 ef]

where v = —1P ZZI AiLy,Crn. Consequently, V(é,¢) <
0 if Q > 0. By Schur complement, this condition holds for

aQo — 137 NCELT PQG PLA,Cp > 0
Hence, a sufficient condition is

e (B0t 1L QI LA ")}

o> ma
i=1...2
Finally, for a sufficiently large o and since the state doesn’t
jump when the control change, we can conclude that the
origins of ¢ and € are GAS. Noticing that e = € + ¢, it
proves that the origin of e is GAS too. |
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Fig. 3: Block diagram of the output regulation loop

C. Regulation of the output

In this section, the objective is to regulate the output v
when constant perturbations are considered. Such perturba-
tions may stem from, for example, some variations of the
resistive load R or some variations of the amplitude of the
input source voltages V,z. The idea consists in modifying
the current reference amplitude I,s adding an extra term
Al,g. This extra term is obtained from an outer loop on v
with an integral action whose output Al,g is expressed as

t

Aluslt) = K [ (e = vs(w))du

0

where K7 is a constant gain. The control scheme is de-
picted in Figure 3 where the inner loop corresponds to the
closed-loop system designed in the previous paragraph: the
converter controlled by the observer based control (18). To
design gain K7, it is assumed that the dynamic of the inner
loop is much faster than the one of the introduced outer
loop. In that context, the transfer function between Al,g
and Avy = y. — vy can be approximated from the power
balance equation. Introducing i, = (Ing + Alag) cos(wt),
ig = (Ing + Alyp)sin(wt), vy = yo — Avg and v_ =
0 — Av_, the power balance equation (13) becomes

C
5(% — Av )AD = —rp(Tag + Alag)?
(ye —Avy)* (00— Av_)?

+Va5(1a5 -‘rAIag) — R — e

Taking into account (14) and retaining the first order terms,
we obtain

C
de AU+ = —QTLIaﬁAIaﬁ -+ Val@AIa’g — %A/UJ'_

The transfer function is given by

(Vap—2rr1ap)Re
AU+ Ye . K

- Afag - 1+ RECS = 1+Ts

Gy, ()

Considering the control scheme in Figure 3, the outer open-
loop transfer function is given by
KK;
s(1+1T's)
If the desired phase margin is 7 /3 radians, a simple calcu-

4ye
3KT  3R2C(Vup — 2rplag)’

lation gives K =

IV. SIMULATION

To illustrate the performance of the proposed control,
simulations were performed on MATLAB/Simulink. Com-
ponents parameters are summed up in Table II. With those
values, the equilibrium power is p* = 782.02 W.

TABLE II: Parameters of simulations

Parameters Values Parameters Values
L 15 mH L 0.4 Q
C 1500 p F ro 20 k2
E 72V R 30 Q
Ye 150 V w 27 x50 rad/s

Using MATLAB and a SDP solver to minimize the trace
of P and S while satisfying (17) for Q¢ = I#, (10) and
S > 10741 for Qo = 10~2I*, we obtain:

P = diag(600,600,23,30) and S = diag(4,4,1,1) x 10~*

and 27 L), gains.

During simulation, the outer loop is turned on after 0.2s
to prevent overshoots at start-up and to observe the system
behavior without it. For a simulation step of T = 5 x 10~ 5s
and with the initial condition z, = [0 0 15 5]7 |
Figure 4 presents the evolution of the currents at start-up.
The observer states reaches system states as expected, and
currents follows their references.

Perturbations that affect the output and the amplitude
of the input voltage are reported in Figure 5, along with
the evolution of the amplitude of the reference currents
1,3+Al,p due to the outer loop. As expected, the reference
is adapted when a perturbation affects the system, which
ensures that the control objectives are still met.

The evolution of instantaneous powers p and g, currents
stabilization and reconstruction errors, as well as system and
observer voltages with references are presented in Figure 6.
It can be noticed that the output y = v, and p present a
steady state error before the outer loop is activated, of 2%
and 3.2% respectively. Once the outer loop is turned on,
steady state errors are cancelled and the output is regulated
to its reference. p, ¢ and system states are affected by
perturbations, but are regulated too. The reactive power ¢
converge to O after each perturbation, the unit power factor
is therefore maintained. As expected, all reconstruction errors
converge to 0 despite the perturbations, which ensures that
the observer-based control law works properly.

V. CONCLUSION

In this paper, an observer-based switched control law
for the three-level neutral point clamped rectifier has been
designed. The modeling process was based on the modeling
methodology proposed in [18] and adapted to take into
account constraints between control variables specific to
this converter. Despite the complexity and the large number
of configurations, a full order observer is easily designed
based on LMI conditions that can be solved with numerical
tools. It allows to reconstruct the state of the system with
the measurement of the input and both capacitors voltages.
The stability of the system with the proposed control law
is assessed with a Lyapunov analysis, and illustrated by
simulations on MATLAB/Simulink. To complete the control
scheme, an outer loop is proposed to regulate the output
for constant perturbations. The future work could consist in
validating those results on an experimental setup.
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