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Abstract—This paper presents an approach to control a grid-
connected, five-level, diode-clamped inverter with solar arrays
directly connected to each capacitor of the dc-link. On one
hand, the control of such converters is challenging as the
voltage imbalance among the capacitor mights affect the power
controller. On the other hand, when dealing with solar arrays,
the dc voltage is a key point considering that the efficiency of
the array highly depends on it. This article presents a solution
where both aims are fulfilled: the desired capacitor voltages,
set by the maximum power point tracking (MPPT) algorithm,
are reached at the same time that these values are taken into
account in the power controller. This is an unusual approach for
five-level NPC converters that avoids the use of DC-DC stages,
therefore it makes the system more affordable and avoids extra
losses. Thanks to the closed-loop capacitor voltage controller,
proper power extraction from each solar array is achieved. The
theoretical presentation of this approach is shown along with
simulation results that validates its effectiveness.

I. INTRODUCTION

Nowadays, multilevel converters are a desirable application
for renewable and high-power applications [1]-[3]. This is
due to the output property of the multilevel converter that
sets several line-to-line voltage steps according to the number
of levels. This property reduces the voltage limits of each
switching device and, at the same time, it improves the current
distortion.

Regarding renewable applications, photovoltaic energy is
being considered one of the most profitable and affordable
source of renewable energy due to its constant improvement
and cheapening [4]. There had been many researches focused
on developing better topologies, controls or maximum power
point tracking (MPPT) algorithms for integrating the photo-
voltaic energy into the grid [5], [6]. Any set of solar arrays
has an output current that depends on the dc voltage across
them, the irradiation and the solar array disposition. As a
result, there is, at least, one point which corresponds to the
maximum output power point. The aim of the MPPT is, then,
to set the voltage that maximizes its total output power [7].
The usual strategy to achieve this is by inserting a DC-DC
Stage between the converter dc-link and the solar array, in
this way the converter dc-link voltage stays constant while the
solar array dc voltage is set according to the MPPT.

Nowadays, there are many works that considered the idea
of using multilevel converters with dc-link-connected solar
arrays [8]-[10]. However, these previous works generally con-
sidered only one dc-link-connected solar array either directly

or through a DC-DC Stage. This configuration requires the
solar array to be of similar dc voltage magnitude than the
dc-link point of operation which means a long array of serial-
connected solar cells. Therefore, all issues related to loss of
efficiency of one or more solar cells might compromise the
whole system power output. This issue can be solved by using
cascaded converters [11], [12], where each module has its own
capacitor and solar array. This topology separates the total dc-
link voltage into two or more modules per phase, thus avoiding
that a loss of efficiency of one solar cell affects the whole
system. However, three-phase cascaded converters, such as
cascaded H-bridge converters (CHB), would require at least
two modules per phase resulting in 6 modules in a five-level
configuration, which increases the volume and price along with
the complexity of balancing such an amount of capacitors.
As an alternative, in [12] a three cascaded three-phase two
level voltage source inverter (VSI) is mentioned. Every VSI
in this topology can attach a solar cell to its dc-link; however
the necessity of including 3 extra coils in the interconnection
makes it bigger and less efficient than other solutions as coils
are well-known for being bulky and a source of losses.

This paper is focused on the diode-clamped converters
(DCC) topology due to its acceptance in the power electronic
industry. Three-level DCC are widely used and it is still
being commercialized by several companies. Nevertheless,
five-level DCC finds some reluctance to be implemented in
the industry due to its higher complexity both in hardware
and software [13]. Whereas three-level DCC needs to assure
the same voltage for two capacitors, five-level DCC needs
to accomplish this objective for four capacitors. This means
that in three-level DCC only one error signal has to be
regulated —apart from the usual control objectives— while in
five-level DCC three error signals have to be monitored and
controlled. In the literature, there are several approaches for
this objective. These approaches include, among others, the
use of additional circuitry [14], [15] or exploiting the degree of
freedom associated to redundant switching vectors while using
SVM techniques [16], [17]. In this paper, the voltage balance
closed loop control along with the modulation proposed in
[18] is considered and analyzed.

The contribution of this work comes from avoiding the
DC-DC stage insertion while fulfilling the MPPT outputs.
In this way, the system is simplified at the same time it is
made cheaper, less bulky and more efficient. In [19] a 3-
level NPC converter is presented with capacitor-attached solar
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Fig. 1. Schematic diagram of the five-level diode-clamped converter operating
as an inverter connected to the grid.

arrays, although it does not consider an MPPT algorithm but a
simple capacitor voltage equalization. As the MPPT algorithm
may provide different capacitor voltage references, they will
be taken into account in the design of the modulation stage.

A five-level DCC model as an inverter is introduced first.
Secondly, the current control, dc-link voltage regulation, in-
dividual capacitor voltage control and the modulation stage
are presented. Afterwards, some simulations are depicted and
discussed in order to prove the fulfillment of the control
objectives. Finally, some conclusions are drawn.

II. FIveE-LEVEL DCC MODEL
A. Five-level DCC converter description

A five-level DCC converter is depicted in Fig. 1. The dc-link
is composed of four capacitors (Cy,Cs, C5 and Cy) with the
same capacitance (C') and each phase has a branch of eight
semiconductor devices and six diodes that allow the phase
current to flow from or into the points o; for j = 1,2,3,4,5
depending on the state of the semiconductors. The lower
semiconductor gating signals are the opposite of the upper
ones and, thus, four signals are required to control a phase
branch: S%, 8§, Si, Si fori = a, b, c. Each phase branch output
—point ¢ for ¢ = a, b, c— is connected to its correspondent grid
phase (vsq, vsp and vg,.) through an inductor whose inductance
is equal to L.

Therefore, the total dc-link voltage (vg.) is composed of
the addition of the four capacitor voltages v, ,V¢,, Ve, and
ve,. The phase currents 74,1, and 7. are defined positive in
the way depicted in Fig. 1, that is, positive when going from
the converter to the grid. From now on, the grid is considered
balanced so the equations vs, +vsp+vs. = 0 and i, +1p+1i. =
0 are always fulfilled.

B. Solar arrays

The solar arrays are attached individually to each dc-link
capacitor, resulting in four power sources. Figure 2 shows
how the solar arrays are attached to the converter. As it
has been said, MPPT algorithms will provide the capacitor
voltage controller with the voltage value each capacitor should
have: Ve, Ve Vedgss Vedn- Lhe literature is plenty of MPPT
algorithm implementations and, consequently this work will
not consider its implementation but its output as a control

Fig. 2. Schematic diagram of the solar arrays connected to the dc-link side

objective. Also notice that the output currents of the solar
arrays, is,,ts,, is4, ts,, may not be equal and their values will
depend on the conditions under which they are.

C. Switching states

Considering the previous definitions, the output voltage of
the converter for each phase i (v;) measured with respect
to o3 can be obtained according to the value of its gating
signals. In order to express this, variable f;, for i = a, b, c and
7=1,2,3,4,5 is used as a switching function to indicate the
switching state. If f;; = 1, it means that point i is connected
to level o; through the converter. As a result, f;; = {0,1}
and only one f; for every i = a,b,c can be equal to one —
fi, + fi, + fis + fi, + fi; = 1. Accordingly, table I depicts
this value along with the values of the gating signals, 1: ON;
0: OFF, and output voltage (v;) for phase .

TABLE 1
OUTPUT VOLTAGE ACCORDING TO THE GATING SIGNALS

S% [ S% [ S§ [ Sfl [ v; [ Switching State
0 0 0 0 —Vey — Vey fi, =1
0 0 0 1 —Vey fi, =1
010 1|1 0 fis = 1
0 1 1 1 Vey fi, =1
1 1 1 1 Veo + Veq fis =1

D. Averaged Model

In order to deal with a continuous model from a system
with discrete variables, an averaged model is contemplated
[18]. Consequently, the model is averaged within a switching
period and the switching function f;; = {0, 1} is replaced by
its averaged value d;, = [0, 1]. In this manner, d;, means the
fraction of the switching period that fij =1, i.e., the amount
of time within a switching period that point ¢ is connected to
level o;. These variables (d,-j) will be referred as duty ratios

of phase ¢ and level 7 from now on. Accordingly:
di1+di2+di3+di4+di5 =1, i=ua,b,c. (D)

In order to express the relations among the capacitor volt-
ages, the next balancing signals are defined

V41 Ved — Vel 2
Vd2 = Ue3 — Ue2 3)
V43 = Ue2 — Vel 4

The dynamic of these signals can be obtained by substituting
each capacitor voltage dynamic — retrieved from applying the



capacitor equation (C'dvc/dt = i.) to the previous definition
of duty ratios — into (2—4).

dv )
C= = (i +di)is + 5)
i=a,b,c
dv 2 .
C= = Y —diii+h 6)
i=a,b,c
dv = )
CT;BZ Z —di47,i+h3. (7)
i=a,b,c
hy ~1 0 0 1\/is
ha|l = 0-1 1 0] b=
hs -1 10 0/\i.}

Considering the previous definition and the Kirchhoff’s
laws, the averaged model can be described as

di; Vde
LE = —Usi + (2us —uy, — U’Jé)ﬁ
v
+ %(thh — har;, — hayy,)
v
+ %(thzi — hagz;, — haz;,)
v
+ %(21’1‘(137 - hd3j1 - hd3j2)7 (8)
U; = —2di1 — di2 + di4 + 2d15
ha1, = —2d;, +di, — d;, — 2d;,
has, = —2d;, — 3d;, — d;, — 2d;,

has, = —2d;, + 2d;,

where ¢ = a,b,c and j; and jo are the other two phases
for each value of i. Variable u; represents the output voltage
(v;) per unit of capacitor voltage set by the converter at point
¢ when the capacitor voltages are equal, i.e., u; = 4v;/vgec.
Whereas variables hq1,, hqo, and hgs, represents the effect on
the same output voltage when the capacitor voltages are not
equal. It can be noted that the duty ratio d;,, does not appear
in the averaged model due to the fact that its output voltage
is equal to zero.

E. Averaged model in afvy coordinates

In order to simplify the model in abc frame (8), the afy
frame is considered. Accordingly, the a3 coordinates express
the state of the balanced abc coordinates, whereas y coordinate
indicates the zero component of these coordinates. Obviously,
in a balanced system, such as the one under consideration,
the « coordinate for current and voltage is equal to zero, i.e.,
Vey = 0, i, = 0.

Consequently, by applying the power-invariant form of the
Clarke transformation to (8) yields

dzk Vde
L— = —w —
ar Vsl + 1 Ug

1
+1 (varhdai, + va2haz, + vazhas,), (9)

up = —Qdkl — de + dk4 + 2dk5
hdlk = —Qdkl + dkz — dk4 — Qdk5
hao, = —2dg, —3d, — di, — 2dg,

has, = —2dg, + 2dy,

where k = «, 8. It can be seen in (9) that the v component is
not present in the dynamic equation. Similarly, the dynamic
of the balancing signals (5)-(7) can be expressed in the a5y
frame:

dvgy .

CW = k} , (dks + dkl) i+ hy (10)
O — .

O = k_E ; (dky + diy + diy +diy) ik +ha (1)
dvdg — .

CW = k:Ea , 7dk4'lk + hg. (12)

Notice that (1) is used when transforming from (6) to (11),
as a result, d;, for ¢ = a,b, c is suppressed as control input
and it is determined by (1).

III. CONTROLLER DESIGN

This section presents how the control of five-level NPC
converter is achieved. In order to fulfill the control objectives,
a change of variables is firstly considered. There are eight dy ,
therefore let us consider eight control variables, u; I = 1,...,8
inspired by (9)-(12):

U1 = Uq + 1/Vac(varhar, + vazhao, + vazhas,) — (13)
uz = ug + 1/vac(varhar, + vazhaz, + vazhas,) — (14)
Uy = doy + da, (15)
s = dg, + dg, (16)
us = doy + day + doy + dasg (17)
e = ds, +dg, +dg, + ds, (18)
wr = —dg, (19)
ug = —dg,. (20)

In this way, (13)—(20) express the relation between these
control variables (u;) and the duty ratios in o3 frame. As this
change of variables is invertible, once the control variables are
known and assuming the balancing signals are slow enough to
be considered constant over a switching period, the value of
the duty ratios can be retrieved directly by inverting (13)—(20).

A. Total dc-link voltage controller

Given the fact that the dc-link capacitors are attached to
solar arrays whose optimum voltage do not remain constant,
it is necessary to include a total dc-link voltage regulation
into the controller system. This controller will set the amount
of output active power (prr) according to the actual value
of the total dc-link voltage (v4.) and the desired one (vg4c,,)-
Considering Ve, = Vel V2 FVe3, +Vedy» ONCE the MPPT
algorithm of each capacitor provides the desired capacitor
voltages, the aimed dc-link voltage is known. Therefore, by
applying a PI controller

T
Dret = k;dc (U?lcmf - vo2lc) + k;)dc / (vgcmr - v(%c)dt’ (21)
0

the value of pr is obtained. On the other hand, the amount of
output reactive power (gr.r) is set externally to this controller,
usually equal to zero in order to achieve unity power factor.



B. Current Controller

By applying (13)-(20) into (9), the current dynamics are
expressed as:

dig Vdc
L— =— sa -
g~ Pt
diﬁ Vde
L88 — oy Yy,
at Vsg + 1 U2

Control variables u; and usy represent the voltage output
of the converter in a and S frame normalized by the fourth
part of the total dc-link. These dynamics are similar to those
of a two-level converter, therefore any control strategy of this
converter [20], [21] can be extended to this case. For the sake
of simplicity, a current control in a3 frame is considered here.

4 T
= (@%+m/‘%ﬁ+%@ 22)
Vde 0
4 T
s = (@%+m/’%ﬁ+%m 23)
c 0

where e, = tq,; —%a, €3 = 18, —1g. Variables i, and ig  are
obtained from applying the definition of instantaneous power
[22] to the values prer and Gyef.

C. Capacitor Voltage Controller

By applying (13)—(20) into (10)-(12), the dynamics of the
balancing signals are simplified to

d us

| = (Sua o) i)

Loz | = zazﬁpp e +| ha |. (24)
dgf 000 012 18 Z; 3

Consequently, the control of the balancing signals vq1, Vg2
and vgs is decoupled from the current control. Control vari-
ables u; and wuy are determined by the current controller,
whereas usz—ug can be used to regulate the balancing signals.
Thus, defining 0g, = vgp, — vap for p = 1,2,3, where
Vdl,e> Vd2nps Vd3,e are the desired value of the balancing sig-
nals obtained by inserting vei,;, V2., Vedes Vedy 10O (2)-(4);
control variables uz—ug are defined as follows

Uu3 z:a 00 - L
ta 263 00 kg Va1 + kg fo 01

Uus | _ ) _ ; b

ug | = [ 050 | | Bata Ry e | 25
ur 0 0ia | \kbyoas + kiy [y a3

us 00 18

where kP, > 0 and k{, > 0 are the control parameters of the
capacitor voltage controller. As a result, by applying (25) into
(24), the closed-loop dynamics are described by

dvgi D o~ i t ~

dat kg Ud1 + ki Jo 01 ha
dv, _ -2 -2 p o~ : t —~

a2 | = Go +13)| kbyvaz + ki Jo Va2 |+| e
dvugs D o~ i t ~

dt K03 + ki fo Vd3 hs

Considering the fact that (i3, +73) = I > 0, it can be seen
that vg, is exponentially stable around v, as the integral
term ki, fg Ugp Will compensate h,, at steady state.

D. Modulation stage

Once u1-ug have been determined by (22),(23) and (25), it
is time to revert the change of variables carried out in (13)-
(20). By inverting theirs relations, the definitions of the duty
ratios in a3 frame according to the values of u; are obtained.

dal_ 7% 041“’3 dalu,g, da1u7 ul
da2 - 0 -1 1 1 us
des| | O 0 0 -1 | |us (26)
d()é{,_ i Oé5u3 a5u5 a5,u7 u7
da,, ] -3 1 2 3

dalus 1 -3 -2 -1 Vd1
day,, | _ 1 2 -2 —4 =2| |va
dag, |~ dvg | 3 -1 -2 1| |vas
das,, -1 3 2 1| |vg

5
das,, -2 2 4 2

Similar relations would be obtained when considering duty
ratios in the B frame - dg,,dg,,ds,,ds, - and u; for | =
{2,4,6,8}. Consequently, the duty ratios in abc frame can
be obtained, firstly by applying (26) in both o and [ and,
secondly by transforming from «f7y frame to abc frame
through the reverted power-invariant Clarke transformation. It
has been already stated that the value of d,, has no effect on
the fulfillment of the current controller, i.e., assuring that (22)
and (23) are achieved. Despite this, the values of d%. have
a direct effect on the values of daj,db].,dcj as dij increases
monotonically with d., therefore it can not be ignored. In
[18], some guidelines are given to select the values of d.,; for
J =1,2,4,5 in order to avoid saturation of the d,,ds, and
d., variables. Nevertheless, the steady state analysis performed
in [18] is of no use in this system given the current injection
from the solar arrays to each capacitor.

With the aim of avoiding saturation of d;; after applying
the reverse power-invariant Clarke transformation, a criterion
for selection of d,yj is provided. For this, the limits for
d,, can be retrieved by replacing the power-invariant Clarke
transformation into the boundary values of d;;. Firstly,

diy +diy +diy +diy <1 i={a,bc}; &= > d,,

7=1,2,4,5

a:—dd™<V3— Y V2, (27a)
j=1,2,4,5
bim dS™ < VB4 Y (d“j — \/gdB) (27b)
! j=1,2,4,5 ﬂ 2
cimdS™ <V ) (daﬂ' + \/§d5.>. (27¢)
! j=1,2,4,5 \/i 2
Secondly,
di, >0 j={1,2,4,5}
a = dy, > —V2d,, (28a)
da, 3
b dy, > 7 55, (28b)
da, 3
i dy 2 3 + id,gj. (28¢)

As a result, three constraints are imposed on di”m that can
be combined in the most restrictive one, and similarly for dﬂ,j.



The solution adopted in this paper goes through selecting the
values of d.,, for j = 1,5 that fulfill (28) — otherwise it would
make one d;; < 0 - and dividing among the three remaining
levels — levels 2,3,4 — the spare value of d3*™ in order to
satisfy (27). The first choice pursues two objectives: granting
there is enough d3*™ remaining for the rest of the levels; and
reducing the commutations as the selected d., , will make
one d;, . equal to zero. The second choice is made in order
to assure that level 2, 3,4 always appear, avoiding forbidden
commutations, e.g. d;, # 0,d;, =0,d;, # 0.

In the case all d,; are selected fulfilling (28) and despite
this, constraint (27) is not met, then saturation is unavoidable.
Accordingly, the selection criteria of d,; is expressed in two

cases as
Sum __ _ - . R ) —
doit = min(27) dw;nm = max(28) j=1,2,4,5
dy; = dﬂ"" Py, = dyy Fdy, J=15
15tcase : (d,syir:‘l — d"ﬂ o) > (d,yr2nin + d,yg\in)
Gap = (d'sy?nr: - d’71,5) - (d'ylz“i“ + d'ylfi“)
d—y2 - Gap/3 + d,yénin
dy, = Gap/3 + d.jpin
ondegse - ( ,SYl:][lrnl — d"/l,s) < (d,ygtin + d,ygtin)
dry]» - d'\/mi" ] - 2, 4

Notice that when 2% case is given, saturation is unavoidable
and total dc-link voltage should be increased. This selection
criteria is depicted in Fig. 3.

- >
dSum
in
* >
Sum
A d"n,
il L Gap
dypn = doy dyge = dog — Lot
— — case
d,@n 1/3|1/3)1/3 d,yziu
- : - >
dvyy dyy
2nd
case
-« d_mn=d.
d,ygm: dryg < Y4 Y4 -

Fig. 3. Sample of distribution of gamma according to the stated cases

To finish this section, the duty ratios of level 3, d,,, dp,, dc,,
are obtained from (1) given the fact that the rest of levels
are already known. Then, all duties are inserted into the
Modulator which sets the switching states f;, for i = {a,b,c}
and j = [1,5] at the switching frequency. Fig. 4 depicts the
control strategy followed in this work.

IV. SIMULATION RESULTS

This section is devoted to present the simulation results
of applying such algorithm in the system described in the
previous sections. The system parameters together with the
control ones are depicted in table II. Note that VP'“ax for
m = 1,2,3,4 is given emulating the MPPT output. "These
values refers to the voltage value of capacitor C,, which

s wi“ Z’a
. <
o ;’“’J’ > Zb: Usa
bo < = b
L3 Modulator fztj; System Use US
deo, = ve1 g
2
Ve ,
Ve, | (21) P
ia"'ﬁ ’
’L”_>
va g (22)
Vdc \ J
e
T 21(23)
$L>
-/

Fig. 4. Schematic diagram of the implemented controller

makes the solar array attached to it to provide the maximum
power achievable, which is defined by Pg**. The solar output
power curves (Curve P —V') are emulated by parabolas whose
maximum point are (VCPT‘:“‘, Pg®) and the point whose power
output is zero differs from one solar array to other in order to
simulate different behaviors.

TABLE I
SIMULATION PARAMETERS

Parameter l Value H Parameter Value
Sampling 10 KHz Switching 10 KHz
Grid 50 Hz Vs 230 Vims
L 2 mH C1,C2,C3,Cq | 3300 uF
kp 15 K; 15
kpde 0.05 k;de 3
Kol 0002 || ki, 0.015
P‘“i”‘ 2500 W Pm;" 2000 W
melX Pmax
Ve 260 V Ve 210 V
Pg;‘x 1800 W PEy 2350 W
Prax Prax
VC3 180 V Ve, 250 V

In order to show the satisfactory behavior of the algorithm,
the simulations were carried out initially with vg, = 0 and
at t = 0.75s the values of vy, are updated according to
the values of V5™ provided. Figure 5 shows the evolution
of the error signals vg, along with their references, where the
favorable reference-tracking of the algorithm can be seen. It
is also depicted in Fig. 6 how the output power of each solar
array improves when the vg, -tracking is activated, reaching
the established PZ** value. To clarify this feature, Fig. 7
depicts the evolutlon of the capacitor voltages along with
VPmax

Regardmg the current control and how this algorithm affects
it, Fig. 9 shows the three-phase currents at steady state when
Vgp,; have been reached, showing it positive performance.
The THD value of these currents is 5% at steady state
and it reaches its worst value equal to 6.5% for a brief
time immediately after the algorithm is activated. Consider,
though, that a dead-time band of 1.1 us is implemented
and a simple o3 current control is used, leaving some room
for improvements if a more sophisticated control were used



instead. Finally, Fig. 8 depicts the switching states of phase
a in steady state. It can be appreciated that all levels are
present except for levels 1 and 5, which, thanks to the selection
of d%., each one is omitted the third time of a fundamental
period. This graph validates the selection of d.,; for all levels
as saturation and forbidden commutations are avoided.
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Fig. 5. Evolution of the error signals vg, (solid) and their references vgg,
(dashed)

£ 2500
72450 - i
a8

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

0.6 07 08 0.9 1 1.1 12 13 14
Time (s)

Fig. 6. Output power of each solar array when vg,_, tracking is activated at
t=0.75s
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Fig. 7. Capacitor voltage values (solid) and their corresponding maximum
output power voltage value (dashed)
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Fig. 8. Switching state of phase a and its filtered signal (dashed)
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Fig. 9. Three-phase currents (solid) and their references (dashed) at steady
state

V. CONCLUSIONS

On the whole, this work presents a workaround to interface
several solar arrays with the grid using only a five-level
NPC Converter. The main advantage of such approach is the
reduction of the size and complexity of the system as no
dc-dc stage is required between the capacitor side and the
solar array. In addition, maximum power point tracking is
guaranteed provided an MPPT algorithm set the maximum
output power voltage of each solar array, which is a trivial task.
Simulations results showed the good behavior of the algorithm
and validated its implementation in a real environment.
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