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ABSTRACT The previously developed control methods based on the conservation of energy in circuits
require the accurate estimation of energy losses, which is difficult to measure and calculate for boost
converters. Consequently, there always exist steady-state errors in the output voltage if neglecting such circuit
energy losses. To address this issue, an improved energy balance control (IEBC) method is proposed in
this paper by integrating a simplified energy balance controller (SEBC) with a PI controller. The proposed
IEBC can reduce the steady-state output voltage errors without requiring the estimation of circuit energy
losses. Furthermore, the proposed IEBC can operate in both the continuous current mode (CCM) and the
discontinuous current mode (DCM), thus accurate static and fast dynamic performances are achieved over
the entire load operation range. Moreover, the stability of the IEBC is proved using the Lyapunov stability
criterion. Compared with that of the SEBC, both simulations and experiments validate the feasibility and

robustness of the proposed IEBC method.

INDEX TERMS Boost converter, energy balance, steady-state error, dynamic performance.

I. INTRODUCTION

With the expanding of power converters applications, the
requirement for the performance of power converters has
become increasingly high, for instance, small size, light
weight, high efficiency and so on. In this case, the con-
ventional PID controller, although having the advantages of
simple control principle and strong robustness, cannot ful-
fil the rising requirements of converters, e.g., fast dynamic
response [1], [2]. Then an anti-windup PI controller has
been proposed. By switching between the saturation and
linear regions, improved dynamic response was implemented
to the load variation. However, a switch condition first
have to determine and there is no significant improvement
on the input variations or disturbances [3], [4]. Recently,
to get superior static and dynamic performances, various
control methods were developed, such as hysteresis con-
trol, sliding-mode control, fuzzy control, etc [5S]-[10]. As an
attempt to obtain excellent performances, the law of energy
conservation, which states that the total amount of energy in
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a system is constant, has been introduced into the control
field. It was firstly introduced to control the rigid body of
active magnetic bearings, which provided a new view on the
closed loop control [11]. Up to now, the application areas
based on such a principle covered stability control of power
systems, hamiltonian system, photovoltaic systems, active
power filters, converters and so on [12]-[16].

As for converter applications, the conservation of energy
was introduced to obtain the reference current and voltage
of converters in a hybrid control scheme [17], [18], then
improved dynamic performances were achieved. However,
this scheme is only suitable for the critical discontinuous
current mode (CDCM) and the discontinuous current mode
(DCM). Under the continuous current mode (CCM), it is
difficult to obtain a reference current, since not all the energy
absorbed by an inductor can be released in full at the end
of one switching cycle. A controller covering entire load
operating ranges was presented in [19], [20] based on the law
of energy conservation. Simulation results of a buck converter
illustrate that it is not vulnerable to changes of converter
operation modes (CCM, CDCM, DCM) and can offer fast
dynamic performances. A switching control scheme (SCS)
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using the law of energy conservation was presented for
controlling buck converters [21]. By considering the energy
losses of a circuit when maintaining the energy conserva-
tion in the circuit, the SCS achieved accurate static and
fast dynamic performances. Similarly, by considering the
energy losses of the circuit, accurate static and fast dynamic
performances were achieved based on the energy balance in
boost converters [22]. However, the mathematical calculation
of energy losses in a circuit is complex. Moreover, parasitic
parameters of circuit components are usually unknown and
difficult to be measured in actual circuits, which leads to the
inaccurate estimation of such energy losses. Thus the energy
losses in a circuit are usually neglected, as a result, leading
to degraded performance, mainly the steady-state errors of
the output voltage. To reflect this phenomenon, according
to the previously developed control methods using the cir-
cuit energy conservation, a simplified energy balance con-
trol (SEBC) method, which neglect energy losses of circuits,
is firstly derived in this paper. Then combined with a voltage
PI controller, an IEBC method is proposed to tackle the
degraded performance caused by neglecting circuit energy
losses.

The main contents of the paper are as follows: Using the
SEBC method, Section II analyses the steady-state errors
to the output voltage caused by neglecting circuit energy
losses; Section III designs and implements the proposed
IEBC method; The stability of the IEBC boost converter is
analyzed in Section IV; Section V discusses simulation and
experimental results; Conclusion is given in Section VI.
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FIGURE 1. The circuit structure of a boost converter.

Il. THE ANALYSIS OF THE SEBC

FIGURE. 1 shows the circuit structure of a boost converter,
where iy denotes the inductor current, i, represents the load
current, i, represents the capacitor voltage and u, represents
the output voltage. Under the assumption u; = uy, = uyef,

at the beginning of the nM switching cycle, S is turned
on by a clock pulse with a fixed frequency, and the DC
source injects energy into the circuit. As time goes on, the
energy that the DC source injects into the circuit increases
by integration and is compared with the sum of the con-
sumed energy of load (urer — uin)ioTs, the stored energy of
the inductor f(;":ll))TT:+TS upipdt and the circuit energy losses,
mainly due to the parasitic DC resistance R, of the inductor

((n"__ll))TT:JFTS i2R¢dt. At the instant when the output of the
integrator reaches the control reference, S is turned off. S;
remains off until the next clock pulse arrives. Thus the control
methods based on the conservation of energy in the circuit
keeps the output voltage to a desired value.

It should be noted that, the variables uiy, i¢, iy of (1) are
not the functions of time # but sampled and updated at the
beginning of every sampling period T, which is the time
point k7;. And these variables are regarded as constants,
since the duration of a sampling period is short. Due to
its complicated measurement and computation, the circuit
energy losses, mainly f(g':ll))T{S+TS i%Rgdt of (1) produced by
the parasitic DC resistance R, of the inductor, is usually
neglected. As a result, (2) represents the control equation of
SEBC.

lIl. THE DERIVATION OF CONTROL EQUATION AND
IMPLEMENTATION OF THE PROPOSED IEBC
A. THE CONTROL EQUATION DERIVATION OF THE IEBC
It is generally known that a PI controller attempts to minimize
the error over time by adjusting the control variable u(t)
so as to force a measured process variable y(¢) to follow a
desired value r(¢). It means that the merit of the PI controller
is to eliminate the errors between a control objective and
a controlled object, and as a result, the PI controller relies
only on the response of the measured process variable, not
on the exact mathematical model. In consideration of such
features of PI controller, a voltage PI controller is introduced
to modify the SEBC method for eliminating the steady-state
errors of the output voltage Augsteady due to neglecting the
energy losses of the circuit. To implement the PI voltage
controller, the following changes are made to equation (2) of
SEBC.

Firstly, the converter is emulated by an equivalent resis-
tance R, shown in Fig. 2, thus i, is expressed as

the conservation of energy in a boost converter is expressed . Uin 3
as (1) [18], [19]. Defining T as a switching cycle duration, = R_e &)
(n—1)Ts+ton(n) (n—DTs+Ts (n—DTs+Ts
/ Uiniedt = (tref — in)ioTs + / ugiedt + / i2Rdt (1)
(n—1)Ts (n—DTs (n—1)Ts
(n—1D)Ts+1on(n)
/ Uinigdt = (Uret — Uin)ioTs + ueieTs 2)
(nfl)Ts
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FIGURE 2. The diagram of the proposed IEBC for boost converters.

Based on (3), the following equation can be deduced,
Re = 2n,
ig
Multiplying both sides of (2) by Ilg—:, (5) is derived from (2).
Based on (3) and (4), (5) is changed into (6), where uy, =

@RS, which is obtained from the PI voltage controller [23],

as’shown in FIGURE 2. The proportional term K}, of the PI
voltage controller is designed to be high enough, so that the
dynamic response is not slowed down.

Thus, the control equation of the proposed IEBC method is
derived as (6). With the high robustness of the PI controller,
the steady-state errors of the output voltage due to the neglec-
tion of circuit energy losses can be eliminated.

“

B. THE IMPLEMENTION OF THE IEBC
As shown in FIGURE 2, the implementation of the IEBC
method is described as below. The control reference (i, —

2
. . ugigR Ty . Lo
irRy)ioTs + is calculated instantaneously, which is
0
calculated at the ianeginning of every sampling period and kept
as the same during the entire sampling period. After getting
the control reference, the proposed IEBC method is imple-

mented by integration and comparison. The implementation
of a CCM boost converter using the proposed IEBC method

is described as below: the integral begins in the time instant
when S; is turned on by a clock pulse with a fixed frequency.
Over time, the integral Wiy keeps increasing from its initial
value as follows:

(n=1DTs+ton(n) )
Win(t) = / 2Rqdt
(n—1)Ts

(te(m—=DI,(n = DI+ T (7)

and Wiy, is constanly compared with the control reference.
At the moment when Wi, (?) reaches to the control reference,
areset pulse is generated by the comparator in FIGURE 2 to
reset the RS flip-flop as Q@ = 0, which turns off Si. In the
meantime, the integral is reset. S; keeps as the off-state until
the next clock pulse arrives, then the (n+ 1) switching cycle
starts. Since a DCM boost converter has the similar imple-
mentation procedures with that of CCM, it is not presented in
detail here.

IV. STABILITY ANALYSIS OF THE IEBC BOOST
CONVERTER

Under the steady-state conditions, the inductor absorbs and
releases equal energy, which means Wy (¢) = 0. Thus, neglect-
ing Wy, (6) is rewritten as follows:

(n—1)Ts+ton(n) 2
/ PRt = (um — i(RYILT,  (8)
(n—1)Ts
Then the average model of (8) is obtained as:
iiRed = (um — igRy)io ©)
From (9), d can be derived as:
— (um_zﬂ (10)
iiRs
And such a boost converter can be described as:
di Uy, 1—s
_— = — — u,
dt L L
du u 1—s
—_—= - ] 11
i rRcT ¢ (an
where s = 1 represents the on-state of switch S;, s = 0

represents the off-state of switch Sj.
Substituting s in (11) with the value of d derived above, the
state-space averaged model of the energy balance controlled

Ry [(=DTsHion(n)

— Uipledt =
Re J—1y1, e
(n—1)Ts+to,(n) Ui
- —igRydt =
(n—1)Ts Re

(n—DTs+1on(n)
/ i2Rydt = (um — i¢Ry)ioTs +
(

n—1)Ts
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FIGURE 3. The simulation results using the IEBC of the boost converter
operating in the entire load range (10 @ — 27 @ — 47 Q).

boost converter is obtained as follows.

di Uin u (um — 1¢Ry)i,

e ;
dt L ! i2R; ]

d ; RO

a__ " _ L[l — M] (12)
dt RC C i7Rs

di d
Let the values of —; and & in (12) equal to O, then the
equilibrium point is off)tained as follows:

2.
U lhin
=—
uiR
UmlUin

I = (13)

Us

The Jacobian matrix evaluated at this equilibrium point is
derived as follows

V(i — uts) 1 2(um — us)V
_ LugRI? L usIRL
e I T N I
C RC CugR
Substituting (13) into the jacobian matrix gets
(um — us)usR Um — 2Us
L L
J = lum ”L‘;I; (15)
C CusR

By solving the characteristic equation det[A]l — J] =
0, the following characteristic quasi-polynomial equation is
obtained:

(um — ug)usR Um Upy — 2
A) = (A A N
f) =0+ 7% )+ CuSR) TG
S L LV P

Lu2, CRu LCup,

By performing a second-order Pad approximation, (16) can
be written as follows:

X’ + aih + ap (17)
Um — Us)UgR u u
whereazzl,alz(m Jus + = and ap = s
Lu?, CRus LCup,
u
It is clear that ap > 0. Since u,, = ifRS, Uy > 0

and (uym — us) > 0 by combining with (4),e thus a; > 0
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FIGURE 4. The responses of u, to load steps
(102 > 279 — 472 — 10 Q).

and ag > 0 are obtained, which satisfies the Routh—Hurwitz
criterion. Hence, the IEBC is stable.

V. SIMULATION AND EXPERIMENTAL RESULTS

Simulation and experimental results are used to demonstrate
the superior performances of the IEBC. And a current-mode
PID controller and the SEBC method are built for compara-
tive study. The parameters of the boost converters designed
in this research are as follows: u;, = 15V, uer = 30V,
fs = 2kHz, L = 800 uH, C = 1000 uF, R = 10 Q. The
sample time is T, = 10 ws. The boost converters are designed
for the case of a low-voltage high-current application using
a lower switching frequency. In such a case, the steady-state
errors, due to the neglection of energy losses, are more severe.

A. SIMULATION COMPARISON RESULTS

FIGURES 3 illustrate the simulation results of the boost
converter using the IEBC in the entire operation range. From
the figure, it is observed that the IEBC is capable of operat-
ing stably in the entire operation range (CCM, CDCM and
DCM).

(D Att = 0, the system starts operation with R = 10 2 and
uin = 15 V. As shown in FIGURES 3, the converter operates
in CCM and u, settles at the pre-set value 30 V with ripples
limited within 0.8 V.

@ Att = 0.1 s, the load is stepped to 27 2 abruptly. The
converter changes its operation mode from CCM to CDCM.
U, jumps to 30.8 V due to such a sudden load step but soon
settles to the pre-set value 30 V. The system does not become
unstable.

@ Att = 0.15 s, the converter enters the perfect DCM
when the load is further changed to 47 2. As shown in
FIGURES 3, the converter still operates stably and u, keeps
at the pre-set value.

To demonstrate the superior performances of the
IEBC method, compared with the SEBC method and a
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TABLE 1. Simulation comparison results under cases of load and input voltage variations.

Disturbance (R or u;) IEBC SEBC PID controller
" Auo (V) 2tscttling(rns) Auo (V) 2ts,cttling(rns) Auo (V) tscttling(ms)
100 —27Q 0.8 4 0.8 7 22 13
270 — 47Q 0.1 2 0.02 4 0.8 10
470 - 10Q -0.8 3 -0.8 4 -2.5 15
15V =18V 0.4 2 0.4 3 0.8 8
18V =15V -0.4 2 -0.4 4 -0.8 10
TABLE 2. The simulation results of uo and Augteady With the SEBC under various operation conditions.
Operation conditions (ui, /R) 15V/10Q 15V/27Q 15V/47Q 18V/10Q
Uo (V) 28.6 29.1 29.2 29
A'U/steady (V) 14 09 08 10

u using IEBC

0.28 0.3 0.32 0.34 0.36 0.38
i using SEBC

Voltage (V)
N W
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0.28 0.3 0.32 0.34 0.36 0.38

u using PID
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FIGURE 5. The simulation results of the responses of u, to input voltage
variations (15V — 18V — 15 V).

current-mode PID controller, the responses to load and input
voltage disturbances of the converter are discussed as follows.
By using the SISO tool box in MATLAB, the PID controller
is established with the 382 Hz cross-over frequency and the
54.5 degrees phase margin. Step changes in loads, which is
10 Q2 — 27 Q — 47 Q, are applied. At = 0.22 s, the load is
changed back to 10 €2. Then step changes in the input voltage
as IS5V — 18 V — 15 V are applied. FIGURES 4 and 5
show the responses of the converter to such load and input
voltage step changes. The results demonstrate that, compared
with the PID, the voltage peak overshoot Ay, is reduced from
2.2V (using the PID) to 0.8 V (using the IEBC) under the case
that the load steps from 10 2 to 27 2. And the settling time
Isettling 18 shortened to 4 ms (using the IEBC) from 13 ms
(using the PID). These comparison results of the responses
are summarized in TABLE 1, which shows that, compared
with that of the PID, Au, of the IEBC is significantly reduced
and feeqling Of the IEBC are significantly shortened.
Meanwhile, from FIGURES 4 and 5, it reveal that, under
various operation conditions, u, using the SEBC cannot settle
to the pre-set value but has certain steady-state errors Augeady
after reaching steady states. For example, under operation
conditions of R = 10 €2, u, has the steady-state errors as
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FIGURE 6. The experimental rusults of the responses of u, using the
proposed IEBC to load step changes. a: From 10  to 27 @; b: From 27 @
to 47 ; c: From 47 2 to 10 Q.

1.6 V to the pre-set value 30 V. TABLE 2 summarizes the
steady-state value of u, and the steady-state errors Augeady
using the SEBC under various operation conditions. In con-
trast, the results in FIGURES 4 and 5 demonstrate that, there
are no steady-state errors in u, using the IEBC because of the
function of the PI voltage controller.

B. EXPERIMENTAL COMPARISON RESULTS
Based on a dSPACE DS1104, an experimental boost con-
verter prototype is constructed. The current and voltage are
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TABLE 3. Experimental comparison results under cases of load and input voltage variations.

Disturbance (R or i ) IEBC SEBC PID controller
n Auo (V) tscttling(ms) Auo(\/) tscttling (ms) Auo (V) tscttling(ms)
10Q —27Q 0.9 4 0.8 16 2.2 13
27Q — 47Q 0.3 3 0.2 13 0.8 15
47Q - 10Q -1.2 5 -1 11 -3.2 15
15V =18V 0.5 4 0.4 14 0.8 8
18V =15V -0.4 3 -0.4 12 -1 8
TABLE 4. The experimental results of uo and Augte,qy With the SEBC under various operation conditions.
Operation conditions (ui,/R) 15V/10Q 15V/27Q 15V/47Q 18V/10Q
Uo (V) 28.4 29.2 29.4 28.8
Austeady (V) 1.6 0.8 0.6 1.2

Tek Prevu

Hoise Filter Off
T T

100ms_|100ms 000000 5[0 7 80.0my =10 Hf0uas41

Maige Filter Off
T T

<10 HZI21:|]2:2I]

000000 5 [0 80wy

b

(@ 100w 100ms_|[10ms

FIGURE 7. The experimental rusults of the responses of uo using the
proposed IEBC to input voltage variations. a: From 15 V to 18 V; b: From
18Vto 15 V.

measured by HALL sensors (CHV-25P and CHB-25NP/6A),
respectively. The gate drivers of the IGBT are SKYPER 32R.
The experimental results using the IEBC, the SEBC and the
PID controllers are shown in FIGURES 6-11. In order to
provide a intuitive and clear display of steady-state errors,
the experiment tests are made under the disturbances in both
loads and source voltages.

The comparative results of FIGURES 6-11 reveal the
static performance under various operation conditions and
the dynamic responses to load and input voltage step
changes. TABLE 3 summarizes the comparison results of
Auo and fseyling under all the dynamic cases. From FIG-
URES 6, 7, 10, 11 and TABLE 3, it is observed that the
experiments get consistent results with the simulation, which
show that Au, using the IEBC is significantly reduced and
fseuling using the IEBC is significantly shorten compared with
that of the PID controller. And from FIGURES 8 and 9, it is
observed that although Au, using the SEBC is reduced and
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FIGURE 8. The experimental rusults of the responses of u, using the
SEBC to load step changes. a: From 10 @ to 27 ©; b: From 27 @ to 47 @; c:
From 47 Q to 10 Q.

Iseutling 18 shorten by comparing with that of the PID, yet
there are certain steady-state errors Augeady after reaching
steady states under various operation conditions. FIGURE 8a
illustrate that u, under operation conditions of R = 10 Q
and R = 27 Q has steady-state errors as 1.6 V and 0.8 V to
the pre-set value 30 V, respectively. The experimental results
of uo and Augieaqy using the SEBC under various opera-
tion conditions is summarized in TABLE 4. It is observed
from TABLE 4 that, using the SEBC, steady-state errors are
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FIGURE 9. The experimental rusults of the responses of v, using the SEBC
to input voltage variations. a: From 15 V to 18 V; b: From 18 Vto 15 V.
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FIGURE 10. The responses of uo using the PID of the actual boost
converter to load changes. a: From 10 € to 27 @; b: From 27 @ to 47 @; c:
From 47 @ to 10 Q.

produced due to the neglection of circuit energy losses. The
differences of Augeady under various operation conditions are
due to the different value of the energy losses (mainly the
energy loss of the inductor parasitic DC resistance).
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VI. CONCLUSION

In this research, the IEBC method has been proposed and
implemented effectively for controlling boost converters.
On the basis of the control principle of the previously
developed control methods based on the conservation of
energy in circuits, in the proposed control method, a PI
voltage controller is added, as a result, the output voltage
steady-state errors due to the neglection of circuit energy
losses is removed. Furthermore, the stability of the converter
controlled by the IEBC has been proved using Routh-Hurwitz
criterion.

Simulation and experimental results demonstrate the pro-
posed IEBC method can settle the output voltage to a pre-set
value though circuit energy losses are not considered. Mean-
while, the comparison to the PID controller reveals that
the IEBC keeps the advantage of the previously developed
control methods based on the conservation of energy in
circuits, which is superior dynamic performance, in terms
of smaller voltage shoots and shorter settling times under
the step changes of input voltage and load current. These
results demonstrate that, using the IEBC, accurate static and
fast dynamic performances are achieved even though circuit
energy losses are neglected due to the complexity in their
measurement and calculation.
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