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Abstract— In this paper a control strategy for gener-
ation of alternating current without using any reference
signal is applied to a nonlinear boost dc-ac converter.
A Phase-Locked Loop is added to the control law in
order to achieve synchronization between the two parts
of the circuit. It is also shown that this idea is also valid
for synchronization with the network. The resultant
control laws are tested by means of simulations.

I. INTRODUCTION

In electronics converters with ac output the control ob-
jective can be seen as the generation of a stable limit cycle
with given amplitude and frequency for which voltages and
currents present a sinusoidal behavior with pre-specified
phase shift. If a control law is able to produce such a
limit cycle, the generation of alternating current will be
accomplished without the necessity of introducing any
time dependent reference signal. The generation of limit
cycles for producing self-oscillations has been successfully
applied to electro-mechanical systems [1], [2], [3]. Some
applications to electronics converters are [4], [5], where
a three-phase UPS and a boost converter are controlled
using this idea. Concretely, in the boost converter ap-
plication, a simple boost converter was used to produce
oscillating voltage, which is not centered around zero due
to the impossibility of achieve negative voltages with this
circuit. Therefore, alternating current was not achieved.
In this paper, we deal with this problem using a double
boost converter [6] and extending the control law proposed
in [5] to this case. It is shown that the direct application of
this extension does not fulfil the objective due to the lack
of synchronization between both parts of the circuit. In
order to achieve the synchronization a phase-locked loop
(PLL) is added to the previous control law. This idea can
be used for synchronization with the electrical network in
order to achieve satisfactory power factor. The resultant
controllers are checked by means of simulations.

The rest of the paper is organized as follows. In Sect.
II the general ideal of generation of oscillating behavior
by the generation of a limit cycle through energy shaping
is presented. This idea yields the controller for the boost
inverter in Sect. III showing that the behavior is not
acceptable due to the lack of synchronization. In Sect. IV

a PLL is added to achieve synchronization of both parts
of the boost inverter as well as synchronization with the
electrical network. Conclusions are drawn in Sect. V.

II. GENERATION OF OSCILLATIONS BY ENERGY
SHAPING

In power electronic converters with ac output the con-
trol objective can be seen as the generation of a stable
limit cycle with given amplitude and frequency for which
voltages and currents present a sinusoidal behavior with
pre-specified phase shift. If a control law is able to produce
such limit cycle, the generation of alternating current will
be accomplished without the necessity of introducing any
reference signal. For this, a target system may be defined
and by matching its equations and the system equations a
control law can be obtained. In order to define the target
system consider the following energy-like function

Vo(ar,a2) = T (a1, 2). ®

with T'(21, 22) = w?(z1—710)*+ (22— 720)? — p. Parameters
w, T10,T20 and g > 0 should be chosen so that the closed
curve I' = 0 defines the desired behavior. This curve is an
ellipse centered at the point (z19,220). We can define a
dynamical system such that this closed curve is its limit
set. This can be reached adopting V; as a Hamiltonian
function, and defining the dynamical system (3)—(4)
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resulting
i1 = (w2 —x20)— kalwz(fﬂl — 210)T (3)
Ty = —W2($1 — @10) — kay (T2 — 220)1" (4)

Noticing that
Vo = —T? (kayw* (21 — 210)% + kay (x2 — 20)%) <0 (5)

and using LaSalle invariance principle it can be seen that
for all initial conditions except the origin the trajectories
of the system tend to the curve I' = 0.

The behavior of this target system corresponds to the
sinusoidal behavior that it is desired of a dc-ac converter.
Constants w, x19, 20 and p are design parameters for the



frequency bias and amplitude of the desired behavior while
kq, and kg, define the speed of the transient response.

III. Boost DC-AC CONVERTER: ANALYSIS, CONTROL
AND RESULTS

The boost inverter is specially interesting because it
generates an ac output voltage larger than the dc input
one. It is made up of two dc-dc converters and a load
connected differentially across them Fig. 1. Each converter
produces a dc-biased sine wave output, V, and V;, so
that each source generates an unipolar voltage. The circuit
implementation is shown in Fig. 2.

Voltages V, and V}, should present a phase shift equal
to 180°, which maximizes the voltage excursion across the
load [6] Fig. 3.
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L

Fig. 1. Basic representation of the boost inverter.
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Fig. 2. Ideal Boost dc-ac Converter.
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Fig. 3. Ideal output voltages of each boost converter.

The boost dc-ac converter can be simplified as shown in
Fig. 4. This simplification lets see clearer the bidirectional
current of each boost dc-dc converter.

Vin

Fig. 4. Symplified Boost dc-ac Converter.

In order to make easier the studies, we will use this
simplification for obtaining the control law, and then we
will extrapolate these results to the full converter.

A. System Description

It is necessary to assume that all the components are
ideal and that the currents of the converter are continuous.
The two performance modes for a time period are shown
in Fig. 5.
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Fig. 5. Operation status.

Defining the control variable ¢ as ¢ = 0 , when @1 =
OFF and Q2 = ON, and ¢ = 1, when @; = ON and
Q2 = OF'F, the converter dynamic equations are

LdiL

E = _Ucl + qvcl + V;n (6)
dve, . v, Ve
O T Tt g @

If u =1— ¢ is taken as the control action on equations
(6)—(7), we have

LdiL

E = —UU01 + V;n (8)
dve, . v Vo
T )

The control law, u can only take two values u € {0,1}.
Nevertheless, as usual, we consider its average value and,
thus, u is a continuous variable u € [0, 1].



B. Normalized Model

In order to simplify the study, system (8)—(9) is normal-
ized by using the following change of variables

1 /L. (10)
T = —\/ =i
1 v ol
v
zy = VC; (11)
Vo
2y = — 12
? Vin (12)
and defining
t=wt (13)
as a new time variable with
wo = 1 (14)
" VIC
yielding
1 = —urs+1 (15)
I9 = uxy—ars + az (16)
where a = % é
Notice that eliminating « in (15)—(16) we obtain
1[,'1(]. — :f:l) = :L'Q(if,'g + axg — aZQ). (17)

This relationship will be used later.

C. Controller Design

System (15)—(16) is not directly matchable with system
(3)—(4). The main problem is that two pairs of equations
have to be matched while only one degree of freedom u is
available. Another change of variables is needed in order
to get a model structure similar to (3)—(4). For this, define

x% + x%
2
2
T — axry + axeze + Y20

Yy =
Y2 =

where y5¢ is an offset term that will be a tuning parameter.
From (18)—(19), it is easy to see that

U1 = Y2 — Y20 (20)
o = 142a%c2 — 321y + a’22 4 axa?s
—u(xy + 2ax122 — a22%1) (21)

It is not easy to obtain a simple relationship x; =
fly1,y2) and zo = f(y1,y2) due to complexity of defi-
nitions (18)—(19).

Looking at the target system structure (3)—(4) and
comparing it with (20)—(21) the choice k,, = 0 is obvious
resulting, as target system

Y1 = Y2 — Y20
U2 = —w(y1 —y10) — kT (y2 — y20)

where, for simplicity, k,, has been renamed to k.

The control law « that matches (20)—(21) and (22)—(23)
is

1+ 2a2m§ — 3a2z9m0 + a%% + axoZs

u =
To + 2ax1T9 — AZ29X1

kT (y2 — y20) + w?(y1 — y10)
To + 2ax1T9 — AZ2X1

(24)

The ellipse parameters have to be defined as a function
of the desired behavior. For this, it is necessary to obtain
an analytical expression of the desired objective curve in
the plane x1,x2. Assume that the desired time evolution
for z9 is

x5y = Asinwt+ B (25)
where A, B and w take pre-specified values to obtain the
desired evolution for ve and 7, using (10)—(12), (13) and
(14). Time shift need not to be taken into account. Assume
that the desired steady state for x; can be approximated

by
] = aog+ aqcoswt+ Prsinw

(26)

Substituting (25) and (26) in (17), neglecting the second
order harmonics and equating the bias, sinwt and coswt
the parameters «g, oy and (1 can be obtained. The
expressions appear in [5] and are omitted here for brevity.

The only question that remains now is to show that
the desired behavior for y; and ys is an ellipse and to
define the ellipse parameters (w, y10, y20 and p) in terms
of the desired behavior for xo. For this, we have to obtain
the desired evolution for y; and yo applying the change of
variables (18)—-(19) to (25) and (26).

1
Y1 = 5 [(acg + a1 sinwt + (1 cos wt)2

+(A; sinwt + By)? (27)
aco + aq sinwt + [ coswt — a( Az sinwt + 31)2
+a(Ay sinwt + By)za + Y20 (28)

Expanding these expressions in Fourier terms yield

(11) (12) (21)

Y1 = y§0) +y; Jcoswt+y;, " sinwt +y;" ’ cos 2wt
+y§22) sin 2wt (29)

Ys = yéo) + yén) coswt + yélz) sin wt + yém) cos 2wt
+y§22) sin 2wt (30)

Equating the terms an expression for the Fourier co-
efficients can be obtained. The expressions appear in [5;
Assuming that the double frequency terms, y§21), y§22 ,

§21)’ yéw) can be neglected, these expressions can be
approximated by an ellipse in the plane y1, 42 since, using

the expressions previously obtained for ag, a; and (1,

(1)

wyitt = P (31)
wy? =yt (32)



The parameters of this ellipse are given by

Yo = y§0) (33)
Yoo = yéo) (34)
po= ()2 + w)?) (35)

D. Control Law for the Full Converter

In this section the previous control law is extrapolated
to consider that the boost inverter is composed of two dc-
dc converters and, thus, it has two control signals. The
model of the system is

di

L ;ﬁ = —ue, + Vi (36)
dv. )

o) Ztl — wip, — v}c%1 U}C{z (37)
di

2 ;;2 = —ugvc, + Vin (38)
duv,. . vo, | Ve
L (39)

By comparison of systems (36)—(39) and (8)—(9) we can
notice a similar structure for the pairs of current and
voltage of both boost dc-dc converters. Therefore, the two
control laws are easy to be obtained. The first control
law w1 is almost the same expression as (24), the only
difference is that zo must be replaced by x4. Control law
ug is obtained by symmetry. The control laws are

1+ 2a222 — 3a3wa24 + a?2? + alaqiy

U1 =
To + 2017122 — 10421

k1T1(y2 — y20) + w?(y1 — y10)
To + 2011202 — Q12421
1+ 20323 — 3a3z2w4 + a373 — a3z4o

(40)

Uy =
Ty — 2a0T3T4 + A2T2X3

n —kaT2(ya — yao) + w?(y3 — y30)
Ty — 2a0T3T4 + A2T2X3

(41)

The expressions for derivatives £ and &4 are taken directly
from the normalized equations of the boost inverter.

E. Simulation Results

The following simulations are made considering V;,, =
10V, R =100Q2, Ly = 100uH, Ly = 100puH, C; = 100uF,
C5 = 100uF. The desired frequency and voltage amplitude
are 50 Hz and 40 V respectively.

In this case, as the dc-dc converter voltages must have
a phase shift of 180° the normalized desired voltages are

Asinwt + B
—Asinwt + B

zy = (42)

(43)

Parameter A has to be the half of the desired output
voltage amplitude and B is chosen, so that, zo and x4
are always positive. In order to obtain this voltage, the
parameters are A = 2 and B = 10 with w = 0.0314 in the
normalized variables x1 , xo.

The ellipse parameters, using the previous development,
result y10 = 51.14, y30 = 51.14, p1 = p2 = 0.395 . On the

* —
Ty =

other hand, the tuning parameters are chosen as k1 = ky =
0.8 and Y20 = O7 Ya0 = 0.

Figure 6 shows the results of a simulation using a sample
time of 0.001s. Both dc-dc converters achieve the desired
limit cycle.

a) b)
12.3 : : 1.5
.
12f /
1.5 1 1f
11f
10.5 1 0.5
< <
% >
~ 1lof o~
® =
9.5 0
i
8.5 -0.5
ol
- ‘ ‘ 1 ‘ ‘
a 0 1 2 20 40 60 80
x1,x3 y1,vy3
Fig. 6. a) State spaces (z1,z2) (solid) and (z3,z4) (dashed); b)

state spaces (y1,y2) (solid) and (y3,y4) (dashed).

Figure 7 shows the boost inverter input and output
voltages. In this figure only the steady state behavior is
shown. It can be seen that the desired amplitude is not
achived. Indeed, the previous design does not impose that
the phase shift between signals v., and v., is 180°. Figure 8
shows that this requirement is not achieved. Next Section
will deal with this problem.
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Fig. 7.

inverter.

Output (solid) and input (dashed) voltages of the boost

IV. VOLTAGE SYNCHRONIZATION

In the previous design, we found that the voltage signal
did not present a phase shift of 180°. In order to get
the desired output voltage, we need to synchronize these
signals. In this section, a PLL is added to achieve the
desired phase shift.

A PLL is a device which causes one signal to track an-
other one. This tracking is in frequency as well as in phase.
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Fig. 8. Output voltages of the first (solid) and second (dashed) boost
dc-dc converters.

A PLL consists basically of three parts [7]-[8]: a phase
detector (PD), a loop filter (LF) and a voltage-controlled
oscillator (VCO). A functional scheme of the device is
shown in Fig. 9. Signal z; is the reference signal and xg is
the synchronized signal. The PD is a signal multiplier and
it has a gain k4. The resultant product is filtered in the LF,
so that, the higher frequency component is eliminated. The
VCO is a frequency-modulated oscillator, and it generates
a signal which is in phase quadrature with respecto to the
input signal.

T PD Ve
Ky

T

Basic PLL block diagram.

Ve VCO Lo

LF

Fig. 9.

A. PLL Applied to the Boost DC-AC Converter

The objective is to synchronize the voltage curves with
a phase shift equal to 180°. The scheme of Fig. 10 is
used. The voltage of the second dc-dc converter, x4, is
taken as reference signal and the voltage of the first dc-
dc converter, xa, is the signal to be synchronized. The
first dc-dc converter with its controller can be regarded
as a VCO: the controller receives as input a frequency
increment that it is ordered by the PLL. This frequency
increment is added to the nominal frequency, and the
resultant frequency is entered in (40). The output of the
converter is a sinusoidal signal of that frequency.

PLL
{1

Control —~Converter R Converter [— Control
1 1 2 2
U1 u2

LW

Fig. 10. Block diagram of boost dc-ac converter with output voltages
synchronized by PLL.

va—HPF]

M-LPF |

Conceptual block diagram of PLL applied to boost dc-ac

oA

Fig. 11.
converter.

The PLL block diagram appears in Fig. 11. The multi-
plier obtains the product 3 x x} in such a way that, see
[7], its output, once filtered by a low pass filter (LPF),
is a measure of the deviation of the phase shift with
respect to 90°. For this reason, one of the inputs of the
multiplier, e.g. 5, is obtained passing the voltage x2
through a high pass filter (HPF) in order to eliminate its
continuous component. On the other hand, x} is obtained
after passing x4 through another HPF and, then, changing
its sign and integrating. In this way if x4 = Ba+ A sin(wt),
then, ) = —& sin (wt — 5)+C. Constant C is eliminated
by the LPF.

1) Simulation Results: The high pass filter applied are:
lfj for the reference signal and ﬁ for the signal to
be synchronized.

The LPF is a second order Butterworth filter [9]:
64-1076(%2 — ¥2) (L2 + ¥2j)

(s + 0.008(%2 — f))(s+0008(f V2 jy)

The value of the PLL gain is K4, = 5 - 10%.

The results of the PLL application are shown in Fig. 12.
The voltages v., and v, present a phase shift of 180°. In
Fig. 13 the boost inverter output voltage is represented.
This voltage signal is compared with the ideal boost
inverter output, getting a excellent result.

(44)
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Fig. 12.  Output voltage of the first (solid) and second (dashed)
boost dc-dc converters.

B. Synchronizing with the FElectrical Network

In order to synchronize the boost inverter output signal
with the electrical network, the voltage signals of both dc-
dc converters (v.,, ve,) are treated with a PLL to get
the aim (Fig. 14). Voltage v, is synchronized with the
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Fig. 13.
PLL.

Ideal (solid) and simulated (dashed) output voltages with

network voltage without phase shift, while voltage v, is
synchronized with the network voltage with a phase shift
of 180°.
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Fig. 14. Conceptual block diagram of PLL applied to the boost
dc-ac converter for network synchronization.

1) Simulation Results: The network voltage is

Viet = 325sin(1007t). (45)

The filter parameters and gain used in the PLLs are the
same which were used previously.

The performance of the synchronization of the boost
dc-ac converter with the electrical supply voltage is repre-
sented in Fig.15.
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Fig. 15.  Electrical supply voltage (solid) and simulated output
voltage synchronized with PLLs (dashed).

V. CONCLUSIONS

This paper presents a control strategy for the boost
dc-ac converter. The method is based on energy shaping
and generation of a limit cycle and does not need the
introduction of time-dependent reference signals. It has
been shown that the resultant controller achieves the
objective provided that a phase locked loop is added. The
same idea has been used in order to solve the problem of
network synchronization.

Open problems are the consideration of unknown and
non-resistive loads.
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