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A Boost DC—AC Converter: Analysis,
Design, and Experimentation
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Abstract—This paper proposes a new voltage source inverter
(VSI) referred to as a boost inverter or boost dc—ac converter.
The main attribute of the new inverter topology is the fact 4{
that it generates an ac output voltage larger than the dc input
one, depending on the instantaneous duty cycle. This property +
is not found in the classical VSI, which produces an ac output v;, C>
instantaneous voltage always lower than the dc input one. For
the purpose of optimizing the boost inverter dynamics, while -

ensuring correct operation in any working condition, a sliding “{ <

mode controller is proposed. The main advantage of the sliding
mode control over the classical control schemes is its robustness
for plant parameter variations, which leads to invariant dynamics
and steady-state response in the ideal case. Operation, analysis
control strategy, and experimental results are included in this
paper. The new inverter is intended to be used in uninterruptible
power supply (UPS) and ac driver systems design whenever an toos DCDC
ac voltage larger than the dc link voltage is needed, with no need Converter
of a second power conversion stage.

Fig. 1. The conventional VSI or buck inverter.

Index Terms—Boost inverter, inverter, sliding mode control. ‘i
L

I. INTRODUCTION +
V.
HE CONVENTIONAL voltage source inverter (VSI) % +
shown in Fig. 1, referred to as a buck inverter in this
paper, is probably the most important power converter topol- o ,
ogy. It is used in many distinct industrial and commerciaﬁ'g' 2. Circuit used to generate an ac voltage larger than the dc input voltage.
applications. Among these applications, uninterruptible power

supply (UPS) and ac motor drives are the most important. |I. THE NEW INVERTER AND PRINCIPLE OF OPERATION
One of the characteristics of the buck inverter is that the

instantaneous average output voltage is always lower that mgicated in Fig. 3, by connecting the load differentially across

input dc voltage. .
As a consequence, when an output voltage larger than {Wéj dc—dc convgrters_ and moQuIatmg the dc-dc cgnverter
put voltages sinusoidally. This concept has been discussed

input one is needed, a boost dc—dc converter must be ugé‘(? .
1] and [2], using the Cuk converter.

between the dc source and inverter as shown in Fig. 2. n he block q do—d h
Depending on the power and voltage levels involved, this 1h€ Plocks A and B represent dc—dc converters. These

solution can result in high volume, weight, cost, and reduc&@nVerters produce a dc-biased sine wave output, so that each
efficiency. source only produces a unipolar voltage. The modulation of
In this paper, a new VSI is proposed, referred to as bod@ch converter is 180out of phase with the other, which -
inverter, which naturally generates an output ac voltage low&@ximizes the voltage excursion across the load. The load is
or larger than the input dc voltage depending on the duty cy@@nnected differentially across the converters. Thus, whereas
[1]-[5]. Details on analysis, control, and experimentation afe dc bias appears at each end of the load, with respect to
presented in the subsequent sections. ground, the differential dc voltage across the load is zero. The
generating bipolar voltage at output is solved by a push—pull
arrangement. Thus, the dc—dc converters need to be current
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Fig. 6. DC gain characteristic.

phase, then the output voltage is given by

oV +

i -+ v v
fme Vo=V -V, =—>2__"2 (2)
Fig. 3. A basic approach to achieve dc—ac conversion, with boost charac- 1-D D
teristics. Vo 2D-1 (3)
Vin B D(l - D) '
The gain characteristic of the boost inverter is shown in
Fig. 6. It is interesting to note that the feature of zero output
Ry + voltage is obtained fod) = 0.5. If the duty cycle is varied
L e v around this point, then there will be an ac voltage at the output
el 1 terminal.
+ -
V.
n > -‘ [ll. SLIDING MODE CONTROLLER ANALYSIS

For the purpose of optimizing the boost inverter dynamics,
while ensuring correct operation in any working condition, a
sliding mode controller is a more feasible approach.

Sliding mode control has been presented as a good alterna-
tive to the control of switching power converters [6]—[11].

Fig. 4. The current bidirectional boost dc—dc converter.

The main advantage over the classical control schemes is
«\ its insusceptibility to plant parameter variations that leads to
invariant dynamics and steady-state response in the ideal case.
+ + In this paper, a sliding mode controller for the boost inverter
Vi A= ‘ i - V2 s proposed [10].

+ .
ﬁ{ Vin () B * A. System Description
- The boost dc—ac converter is shown in Fig. 7. It includes dc

supply voltagéi,, input inductorsl; andL-, power switches

Boost A Boost B S,-S,, transfer capacitor§’; and C,, free-wheeling diodes
Fig. 5. The proposed dc—ac boost converter. D{—-D,, and load resistancg&; .
The principal purpose of the controllers A and B is to
conduction mode given by make the capacitor voltagds, and V, follow as faithfully
as possible a sinusoidal reference.
The operation of the boost inverter is better understood
Vi - 1 (1) through the current bidirectional boost dc—dc converter shown
Vim 1-D in Fig. 8.
In the description of the converter operation, we assume that
where D is the duty cycle. all the components are ideal and that the converter operates in

The voltage gain, for the boost inverter, can be derived ascontinuous conduction mode. Fig. 9 shows two topological
follows: assuming that the two converters are L&t of modes for a period of operation.
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B. Sliding Mode Controller

When good transient response of the output voltage is
needed, a sliding surface equation in the state space, expressed
by a linear combination of state-variable erreys(defined by
+ difference to the references variables), can be given by [10]

T 2 S(ip1, Vi) = Kie1 + Koea =0 (6)

where coefficientsk; and K, are proper gainsz; is the
feedback current error, and is the feedback voltage error, or

€1 =4r1 — Lot (7)

i g2 =V1 — Vier- 8
i, L Sliding A | S} S3¢— Sliding [ _lif 2 1 ref (8)

Mode B _— . .
v (":’L":;o"er —»52  Spe— COm:ouer Vi By substituting (7) and (8) in (6), one obtains
SCiry, Vi) = Ki(ig1 — ipcet) + Ko(Vi — Vieg).  (9)

The signal S(ir1, V1), obtained by the hardware imple-
mentation of (9) and applied to a simple circuit (hysteresis
comparator), can generate the pulses to supply the power
semiconductor drives.

The corresponding control scheme is shown in Fig. 10.
Status of the switchy is controlled by hysteresis blocK,
which maintains the variabl§(ir;, V1) near zero.

The system response is determined by the circuit parameters
and coefficientsk; and K,. With a proper selection of
these coefficients in any operating condition, high control
robustness, stability, and fast response can be achieved.

In theory, the sliding mode control requires sensing of all
state variables and generation of suitable references for each
of them. However, the inductor current reference is difficult to

When the switchS; is closed andS, is open [Fig. 9(a)], evaluate since that generally depends on load power demand,
currentip; rises quite linearly, diodé) is reverse polarized, supply voltage, and load voltage. To overcome this problem,
capacitorC; supplies energy to the output stage, and voltage practical implementation the state variable error for the
V1 decreases. inductor currentiz; — ér..¢) can be obtained from feedback

Once the switchS; is open andS; is closed [Fig. 9(b)], variableir; by means of a high-pass filter in the assumption
currentiy; flows through capacito€; and the output stage. that their low-frequency component is automatically adapted
The current;;; decreases while capacit6h is recharged. to actual converter operation. Thus, only the high-frequency

The state-space modeling of the equivalent circuit with statemponent of this variable is needed for the control. This high-
variablesiy; andV; is given by pass filter increases the system order and can heavily alter the
converter dynamics. In order to avoid this problem, the cutoff
frequency of the high-pass filter must be suitably lower than

Fig. 7. The boost inverter controlled by sliding mode.

m

Fig. 8. Equivalent circuit for the boost inverter.

i -R, -1 Vi L7 X -
@ I . g L—l the switching frequency to pass the ripple at the switching
at | _ 1 L [Lm} + Rl frequency, but high enough to allow a fast converter response
avi Rt I R —iL1 [10].
dt C C1 Ry 1
L—T IV. CONTROL DESIGN METHODOLOGY
T Vs (4) In the design of the converter, the following are assumed:
C R, * ideal power switches;
v=Av+By+C » power supply free of sinusoidal ripple;

e converter operating at high-switching frequency.

wherey is the status of the switches,andv are the vectors p gelection of Control Parameters
of the state variablesif;, V1) and their time derivatives,

respectively, Once the boost inverter parameters are selected, inductances

L, andL- are designed from specified input and output current
ripples, capacitors’; and C, are designed so as to limit
1 — 5;0N, S;0FF the output voltage ripple in the case of fast and large load
- {0 — S;0FF, S30N. ) variations, and maximum switching frequency is selected from
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Fig. 9. Modes of operation.
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Fig. 10. Sliding mode controller scheme.

the converter ratings and switch type. The system behavior |§
completely determined by coefficienk§ and K>, which must

137

V
+ 0 *  s; —» OFF

Vin = <>V2
C] i S —» ON

to remain near the sliding plane by proper operation of the
converter switches.

To make the system state move toward the switching
surface, it is necessary and sufficient that [11]

(15)

Sliding mode control is obtained by means of the following
feedback control strategy, which relates to the status of the
switches with the value of (z):

[0, for S(z)>0
= { 1, for S(z) < 0. (16)

The existence condition (15) can be expressed in the form

=K"Az+K'D <0, S(x) >0 (17)
S(z) =K'Az + K"B+ K'D > 0, S(x) <0. (18)

be selected so as to satisfy existence and ensure stability and

fast response, even for large supply and load variations.

From a practical point of view, assuming that error variables

According to the variable structure system theory, the; are suitably smaller than referencgs, (17) and (18) can
converter equations must be written in the following form: be rewritten in the form

z=Az+By+D

wherez represents the vector of state-variables errors, given

by

r=v-V*

whereV* = [ir..t, Viet] is the vector of references.

By substituting (11) in (4), one obtains

D=AV*+C
—R, -1 Via
| Ly L % Lref Ly
D=1"1 [me } Ty
L ) C1 1R, C1R;

V;ef Vvin RaiLref
Ly Ly Ly
Viet Vs L ref
L C\R, "GRG

D=

Substituting (11) in (9), the sliding function can be rewritten

in the form
S(.’L’) = Kl.’l'l + KQ.’L'Q = KT.T
where KT = [K, K»] andz = [z, xo]7.

K'D <o, S(z) >0 (19)
K'B+K'D >0, S(z) < 0. (20)

By substituting matrices B and D in (19) and (20), one
obtains

K . K,
L_l[‘/;n - eref - Ra . LLref] + OlRl

’ [V - ‘/ref + RliLref] < 0 (21)
K, Koy

1 V] > 0. (22
Vi - S 2 Vul >0, (@2)

The existence condition is satisfied if the inequalities (21) and
(22) are true.

Finally, it is necessary to guarantee that the designed sliding
plane is reached for all initial states. If the sliding mode exists,
in the system defined by (10), it is a sufficient condition that
coefficientsk; and K, be nonnegative.

B. Switching Frequency

In the ideal sliding mode at infinite switching frequency,
state trajectories are directed toward the sliding surface and

The existence condition of the sliding mode requires thatove exactly along it. A practical system cannot switch at
all state trajectories near the surface are directed toward thénite frequency. Therefore, a typical control circuit features
sliding plane. The controller can enforce the system staepractical relay, as indicated in Fig. 11.
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¥4 operating with nonloadif,.r = 0 and 1/R; = 0) and the
output voltage reference is passing by maximumyi{.,ax))-
It can be obtained using

K > S¢) K.V, Vi
= 21— —=—. 27
fs(max) 26L1 < %ef(xnax)) ( )
Fig. 11. Switching functiony.
C. Duty Cycle
S The duty cycled(t) is defined by the ratio between the
* S50 conduction time of the switcl$; and the switch period time,
) as represented by

: S(x)=0
: \ Aty
1 = . 2
\/ E \/ \/ S(x)<0 d(t) Aty + Aty (28)
-5t - (A LR TR LD

vAy Ay ' Considering the sliding mode control an instantaneous con-
trol, the ratio between the output and the input voltages must

Fig. 12. The waveform of(x). satisfy in any working condition

A practical relay always exhibits hysteresis modeled by Vi) - 1 ) (29)
Vin  1-4d(t)
0, whenS > +¢ or
whens <0 and|[S| < ¢ D. Inductor Currentiy,;
y(s) = (23) . .
1, whenS < -6 or The inductor current is composed of two components. One
when$ > 0 and|S| < & of these is alternating with operation frequency. The other one

is a high-frequency ripple caused by switching. In continuous-

where 6 is an arbitrarily small positive quantity an is onguction mode, the maximum inductor current is obtained
the amount of hysteresis ii(x). The hysteresis characteristiq, using

makes it impossible to switch the control on the surface

S(xz) = 0. As a consequence, switching occurs on the lines Va(t) — Vi(t)
S = 46, with a frequency depending on the slopesigf. Vin — 4/ V2 - 4Ra(—V1(t))<T>
This hysteresis causes phase plane trajectory oscillations pgl(max) = !

width 24, around the surfacé(x) = 0, as shown in Fig. 12. 2R,

Note that Fig. 12 simply tells us that iA¢; function S(x) (30)

must increase from-6 to +6(S > 0), while in At, function

S(z) must decrease from-8 to —5(S < 0). The high-frequency ripple is obtained from Fig. 9(a) and

The switching frequency equation is obtained from Fig. 19,“/6” by
by considering that the state trajectory is invariable, near to . (Vin — Raiz1 () At
the sliding surfaces(z) = 0 and is given by Aigy(t) = I, : (31)
1
fo= Aty + Ato 24) g Voltage Capacito;

where At; is the conduction time of the switch; and At The controller operates over the switch to make the voltage
is the conduction time of the switch,. The conduction time V1(t) follow a low-frequency sinusoidal reference. Ov&(),

At, is derived from (22) and it is given by a high-frequency ripple (switching) is imposed, which is given
by
26
Aty = . (25)
Ky : K, Va(t) — Vi(®)
— [Vin — Rairre Vo — Vie Ave(t) = | —=——=|At;. 32
Ll[ iL f]+ClRl[2 i] ve(t) ‘ CiR, 1 (32)
~The conduction timeAt, is derived from (21), and it iS¢ s interesting to note that the switching frequency, inductor
given by current ripple, and capacitor voltage ripple depend on the
Aty = following: the control parameters, circuit parameters, reference
_92§ voltage, output voltage of the other boost convektglt), and
K] . Ky . - inductor currentiy (t).
I, [Vin — Rofprer — Veer] + Ok (V2 + Riiprer — Vier It is important to determine the circuit parameters and coeffi-

(26) cientsK; and K> that agree with desirable values of maximum
inductor current ripple, maximum capacitor voltage ripple,
The maximum switching frequency is obtained substitutingaximum switching frequency, stability, and fast response for
(25) and (26) in (24) in the assumption that the converter &y operating condition.
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Fig. 13. Boost inverter scheme with sliding mode controller.

V. DESIGN EXAMPLE and a variation of the duty cycle betweéh,;, = 0.3 and
The main purpose of this section is to use the previousfymax = 0.7 is expected. Finally, the voltagas(t) and Vx(#)
deduced equations to calculate the prototype componefif§ 9iven by
Va'lue-Th o Soecifications. Vi(t) =235 + 90 Sin(377t)
) The Prototype Specifications: V() =235 — 90 Sin(3778)
Py 500 W (output power);

Vo 127 Vrms (output voltage); where Vi jax = 325 V.

Vi 100 V (input voltage); 3) Determining the Ratid(;/L;: Substituting

Jo 60 Hz (output voltage frequency); Vin, [8max, Viet(max) = Vimax, and 6 = 0.3 in (27),
fsmax 30 kHz (maximum switching frequency). one obtains

2) Calculation ofV;(¢) and Va(¢): In the boost inverter,
the load voltage is determined by
Vo(t) = 18085 (377t) = Vi(t) — Va(t). 4_) Dgtermin?ng the Rat_i(_Kg/Cl: From (21) qnd (22) and
taking iz.et = ir1(max) (Critical case), one obtains
Assuming that the two converters are 1&t of phase, the

K1 /Ly = 260.

output voltages/; (t) and V»(t) are defined as 0 < K2/C1 < 4200.
Vi(t) = Vi + 90 Sin(377t) There are some degrees of freedom in choosing the ratio
Va(t) = Vo — 90 Sin(377¢). K5/C;. In this controller, the ratid{,/C is a tuning param-

eter. It is recommendable to choose the rdtig/C; to agree
From (29) and a practical point of view, tié, value is with proper values of stability and fast response.
chosen to produce a symmetrical variation of the duty cyclelIn this work, the performance characteristics of the con-
close toD = 0.5. The adopted value of th&). is 235 V, troller are specified in terms of the transient response to a
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Fig. 14. Output voltage, nonload (50 V/div—2 ms/div). Fig. 17. Voltage across the capacitoi (50 V/div—2 ms/div).
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Fig. 18. Inductive load operation (50 V/div—2 A/div—2 ms/div).
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Fig. 15.

6) Calculation ofC;: The maximum capacitor voltage rip-
ple AVey,.x is chosen to be equal to 5% of the maximum
sinusoidal capacitor voltage. Then, from (31), one obtains
C1 > 37.5 uF. C1 = 40 uF is adopted.

7) Values of the Coefficienfs; and K,: With the ratio
K, /L, and the value of inductak, one obtaings’; = 0.208.

With ratio K> /C and the value of capacitd¥;, one obtains
K> = 0.040.

VI. EXPERIMENTAL RESULTS

i |

In order to confirm the effective performance of the boost
inverter, a laboratory prototype was implemented (circuits are
shown in Fig. 13), wheré. is a boost converter.
unit-step input. It is specified the maximum overshoot that The parameters of the circuit are as follows:
directly indicates the relative stability of the system and the 5,—5, IRGBC40U (IGBT);
settling time that is related to the largest time constant of D,—D, MURS850 (diodes);
the control system. It is desirable that the transient response&>,, ¢, 40 uF/600 V;
be sufficiently fast and be sufficiently damped. The ratio 1.,, L, 800 pH.

K,/C, was chosen by iterative procedure (this means thatTpe parameters of the controller atk; = 0.208, K» =
the ratioK'» /C; must be modified until the transient responsg o490, ands = 0.3 as calculated in the previous section.

Fig. 16. Current through the inductdr; (5 A/div—2 ms/div).

is satisfactory), and it was verified by simulation. The output voltage at nonload is shown in Fig. 14, with a
Thus, the adopted value is total harmonic distortion (THD) equal to 0.8%.
Figs. 15—-17 show experimental waveforms of the converter
K,/Cy = 1000. for a resistive load of 540 W, and?; = 30 . The

experimental results agree with those predicted theoretically.
5) Calculation ofL;: The maximum inductor current rip- The output voltage THD is equal to 1.24%.
ple Airi max IS chosen to be equal to 20% of maximum Fig. 18 shows experimental waveforms of the inverter out-
inductor current, which one is obtained from (30). Then, froput current and voltage for inductive load witRy, = 30 Q2
(31), substituting 1,1 (¢) = 411 max, ON€ obtaind; > 753 uH. and Loy = 50 mH. The THD is 1.28%, and the third harmonic,
L; = 800 pH is adopted. which is the greatest value, is equal to 0.8%.
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converter, for linear and nonlinear loads, with converter exper-

— imental results in agreement with those predicted theoretically.
v It is the authors’ opinion that the boost inverter is suitable
0 for applications where the output ac voltage needs to be

- larger than the dc input and can offer economic and technical

advantages over the conventional VSI.
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