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PWM Nonlinear Control With Load Power
Estimation for Output Voltage Regulation of a Boost
Converter With Constant Power Load
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Abstract—This article presents a nonlinear control based on
pulsewidth modulation (PWM) and an estimation mechanism of
the output power to regulate the output voltage of a boost converter
supplying a constant power load (CPL). The controller uses three
parameters K, Kg, and K 4 lending the regulator an adaptive
nature. The behavior of the latter can be expressed in terms of
the dynamic description of three errors. Namely, first, current
error, i.e., difference between the average value of the inductor
current and its equilibrium value, second, output voltage error, i.e.,
deviation between the output voltage and its desired equilibrium
value, and, second, power error, i.e., difference between the output
power estimated value and its actual value. The analysis of the
dynamic behavior of the three errors results in a parametric region
in the plane K, - K in which the system stability is guaranteed.
The regulator exhibits fast and precise responses in the presence
of disturbances in the input voltage and the load power. Conduc-
tion losses provoke steady-state errors in both current and power
estimation but do not affect the output voltage tracking.

Index Terms—Boost converter, constant power load (CPL),
nonlinear control, power estimation, pulsewidth modulation
(PWM).

1. INTRODUCTION

ONSTANT power supply in the output port of a dc—dc
C switching converter is a common case in power distri-
bution systems for electric and hybrid vehicles [1]-[6], ships
[7]-[9], and microgrids of renewable energy installations
[10]-[13]. Since the incremental resistance of a constant power
load (CPL) is negative, supplying this type of loads by means
of a switching converter can often result in unstable behavior
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[14]-[17]. Unlike the case with resistive load, converters with
CPL are unstable in open loop in continuous conduction mode
(CCM) [18], so they can only operate in closed-loop in that mode
if an appropriate feedback strategy is used.

Some of the control laws solving the previous problem em-
ploy virtual damping, which is introduced by inductor current
feedback in the inner loop of a linear cascade control. They aim
at stabilizing the system first, and then regulating the output
voltage by adding an outer loop that establishes the reference
to the inner loop [19]-[22]. The outer-loop design is based on
a dynamic model of the converter that includes the effect of the
current inner loop. Nonetheless, the resulting model can be still
unstable in certain cases [23], so the outer loop has to counteract
this instability and ensure the output voltage regulation at the
same time. In most of the cases, the resulting switching regulator
perfectly attenuates the effect of the small-signal disturbances
penetrating into the system. A recent example of virtual damping
can be found in [24]. In that work, a control law transforms the
nonlinear inductor current dynamics in a boost converter into
a linear inductor current dynamics in a virtual mesh, in which
a resistance introduces damping into the system and a voltage
source indirectly provides the output voltage regulation. The
control scheme has only one feedback loop and no separated
dynamics between inductor current and capacitor voltage are
considered. Another approach to tackle the problem has been
carried out by means of different alternatives of nonlinear control
such as input—output linearization [25], boundary control [26],
[27], or sliding-mode control (SMC) [28]-[32].

The common feature of the latter controllers is their theo-
retical nature, their objective being to prove in each case that
the proposed control succeeds in stabilizing an intrinsically
unstable system. Other important issues such as mitigation of
the effects due to the input voltage or load power variations,
minimization of the inrush current or practical realization of the
converter are hardly reported in the literature. A SMC based
on a switching surface made up of a linear combination of
both inductor current and capacitor voltage errors regarding
their respective equilibrium values was proposed in [33] with
the aim of covering the previous issues and tackling the prob-
lem of regulating the converter under large-signal operation.
The resulting control provides output voltage regulation in the
presence of variations in both input voltage and load power and
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yields a very low value of the inrush current at the expense of
variable switching frequency and the utilization of four sensors
to measure output voltage, input voltage, inductor current and
CPL current, respectively.

Regarding uncertainty in the CPL, the work in [34] introduces
an adaptive-based controller for the output voltage regulation of
a buck—boost converter with unknown power load. Although
the proposal is interesting from a theoretical point of view, is
unpractical from an engineering perspective. The approach is
modified in [35] by means of a change of coordinates and partial
linearization that yields a cascade control with an inner loop
based on energy-shaping and an outer loop with PI compensation
for output voltage regulation. The resulting control is apparently
feasible for practical execution but no details about its final
digital implementation are reported.

The main goal of this article is to present a new simple
nonlinear pulsewidth modulation (PWM) based controller for
output voltage regulation of a boost converter supplying a CPL
with power uncertainty. With the new controller, the drawbacks
observed in [33] are relieved. Thus, the controller ensures a
converter operation at constant switching frequency, it only
requires measuring both input and output voltages plus the
inductor current, and is easily implementable using standard
analog devices. The information on the CPL power is obtained
by means of an estimation loop, which gives the system an
adaptive behavior.

The rest of this article is organized as follows. The proposed
control is described in Section II. The state equations that
describe the closed-loop behavior of the system are analyzed
in Section III. The study of the stability is covered in Sec-
tion IV while simulation and experimental results are reported
in Section V. The effect of conduction losses in the tracking of
inductor current, output voltage, and output power is studied in
Section VI. Finally, Section VII concludes the article.

II. PROPOSED NONLINEAR CONTROLLER
A. Open-Loop Boost Converter Averaged Model

Fig. 1 shows the block diagram of the boost converter with
CPL and the proposed PWM-based nonlinear control with out-
put power estimation. The purpose of auxiliary diode D, is to
minimize the effect of the inrush current in the inductor. Variable
w is a binary signal that activates or deactivates MOSFET Q and
takes the values 1 and O in the ON and OFF states, respectively.

In CCM, the average behavior of the converter can be ex-
pressed as follows [36]:

d’LL - (1—d)7 Vg

7 A (1a)
dig  (1—-d)y— P

¢ "t O (16)

where 77, and T are, respectively, the averaged values of the in-
ductor current <7, and output capacitor voltage v¢ in a switching
period, and d is the duty cycle of the driving signal u.
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Fig. 1. Block diagram of a PWM-based nonlinear control with output power
estimation in a boost converter with CPL.

B. PWM Nonlinear Control Law

This section introduces a nonlinear control for the output
voltage regulation of a boost converter feeding a CPL, where
the absorbed power is unknown.

The proposed control law can be expressed as

P _
+ K, <‘/qiL> )

where Vi is the desired output voltage and P represents the
estimated load power whose dynamic behavior is given by the
following nonlinear differential equation

V}cf - Vg

d =
‘/ref

@Z Kg(Viet —0C)
dt 1+ Ka(Viet —00)%

3)

A detailed explanation of the origin of (2) and (3) has been
included in Appendix A.

Note that variable d in Fig. 1 is introduced as a duty cycle in
a pulse width modulator and compared with a high-frequency
periodic sawtooth signal vyamp Whose maximum value is equal
to one. Signal vy,mp establishes the switching period 7" and
its comparison with the control voltage v.t,; determines the
duration of the ON state in each switching cycle and, therefore,
the duty cycle d in that cycle.

In addition, it can be observed that the control law has two
terms. The first one is (Vier — Vy) / Vier that constitutes the duty
cycle required in steady-state once the nominal values of input
and output voltages are set. The second term acts as corrective
element during the transient-state and is proportional to the
current error, i.e., the difference between the actual average value
of the inductor current and its steady-state value provided that
the estimated power is the power delivered in the output port to
the CPL.

Itis worth mentioning that the time-derivative of the estimated
variable is an odd-symmetry function of the output voltage error
that eventually will be responsible of the adaptive behavior of
the control [37]. In that function, parameter K 4 is directly
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related to the maximum absolute value of dP/dt, so selecting
K 4, establishes by design |d1f’ /dt|max and, therefore, limits the
subsequent integration avoiding saturation. The latter property is
demonstrated in Appendix B. This adaptive mechanism has been
successfully used in the case of a fourth-order voltage step-up
converter with resistive load [38].

III. STATE EQUATIONS FOR THE CLOSED-LOOP
SWITCHING CONVERTER

The introduction of (2) and (3) in (1a) and (1b) leads to the
closed-loop dynamical model of the system that is given by the
following set of differential equations:

dip, —1([V, P \\_ V
2L _ - 29 4
it L (Vref ’ (Vg ZL)) ety @

dic 1 [V, P _\\— P

o _ ~ K, | — - - 4b
i~ C (uef » (Vg ’L>> oo @
AP Kp(Viet —TC) (40)

At 14+ Ka(Viet —10)%

Let us define current error e;, voltage error eo, and estimated
power error eg as follows:

T _r (52)
€1 =1 — o
1 L Vg
€2 = Vo — Vier (5b)
e3=P—P. (5¢)

Therefore, the set of nonlinear equations (4) becomes as given
below

dey 1/V P K,
— = - = K, — ——=(P
e G (RO )
V,
X (Ve + €2) + -2 (62)
des 1/ P K,
— == K, — - —=(P
iz (o () e
P P
X | —+ - 6b
(7+) - awre )
deg KE62
e A A 6
dt 1+ K pen? (60)
The coordinates of the equilibrium point of (6) are
. — P
Ei=0 = I, = Vq (7a)
E;=0 = Vo =Vt (7b)
Ei=0 = P'=P (7¢)
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IV. STABILITY ANALYSIS

To perform a stability analysis of the equilibrium point given
by coordinates (7a)—(7c), let us define y1, y2, and y3 as follows:

L d
yi(t) 2 % (8a)
s de
s des
ys(t) = a (8¢)

Therefore, the Jacobian matrix corresponding to the lineariza-
tion of (6a)—(6¢) around of the equilibrium point can be ex-
pressed as

(Oy|  Oyi) ;| ]
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The characteristic equation corresponding to the previous matrix
is given by

53—|— <varef - P )32
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By simple inspection of (10), the following necessary conditions
for stability are derived

L P
Ko > Gy

ref

(11a)

KK V(J4 1
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(11b)

Furthermore, the application of Routh‘s criterion provides the
additional condition

Kg < f(Kp) (12)
where f(K) is defined as follows:
V2 P2
L2CV,es 7 LC2VZ
fK,) & ! e (13)
K PVret K, + 1P
P\ICv T I0 T oV,
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Fig. 2. Parametric region for stability in the plane K, - K.

¥

x10°

Fig. 3. Three different pairs of parameters K, - K.

The parametric constraints given by stability conditions (11a),
(11b), and (12) define in Fig. 2, the region colored in grey in
the plane K, — K in which the stability is guaranteed. In
the parametric region for stability (PRS), f(X,) is zero for
K,=z= PL/C'Vrif, and has a maximum for K, = K| =
(PL/CViet) — (Vgo/L/C JV2;). It can be easily demonstrated
that f(K,) is always under the hyperbola defined by (11b). On
the other hand, note that z is equal to the lower boundary value
of constraint (11a). Consequently, the system stability will be
guaranteed for K < f(K,) and K, > 2.

To illustrate the stability predictions derived from Fig. 2,
three different cases Cq, Cs, and C3 are considered in a zoom
of the PRS of Fig. 2 depicted in Fig. 3. They correspond
to the controller parameters K, = 0.007 €}, Kr = 340 x 103
(C1), K, =6 x 1071 Q, K =220 x 103 Q, (C2), and K, =
0.01 Q, K = 40 x 102 (C3). The corresponding time domain
simulations using the switched model implemented in PSIM
software are shown in Fig. 4. As expected, designs C; and Co
result in unstable behavior while C3 yields stable dynamics.
The previous numerical simulations demonstrate the accuracy
of the previous theoretical predictions about the stability of the
closed-loop system.
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Fig.4. PSIM simulations of the three different cases of design shown in Fig. 3:
(a) case Cq, (b) case Ca, and (c) case C3.

V. NUMERICAL SIMULATION AND EXPERIMENTAL RESULTS

A. Experimental Prototype

Fig. 5 shows the schematic circuit diagram of an experimental
prototype that has been implemented with the following values
of parameters: inductance of the inductor L = 326 pH, capac-
itance of the output capacitor C' = 20 pF, desired reference



MARTINEZ-TREVINO ez al.: PWM NONLINEAR CONTROL WITH LOAD POWER ESTIMATION FOR OUTPUT VOLTAGE REGULATION

power stage

2147

ouT

»
Pt
IDH20G65CS .15V +15V
T 250 iL.sens
N .
326u INI  ouTs A
HIN2__ouTd <
H {N3-> 8%% IDH20G65C5
power supply N5 OUfif e
M Al
100n LEMLA25 M

Ve sens

ECQE4104JF3

10k

STW25NM60ND3

electronic load

100 100 T vesens =+

MKPI848C61050KS

AMREL4 +15 Ve VoD 20k ;
SPS800X13 DD Elekiro-Automatik
MAX4420 EA-EL 9750-75 HP
GND GND
PWM adaptive controller
N Ke 2 sy 45y Kp AV 5
- B sy +1SV denP Vgsens (g 750 0415V SV i 4 20k n{
5 ver = 3 100K 1 x2 ——Ix1 x2 10k 2 N k =
Vesens 1k AL ) } Y2 g (|3 Y2 . 1 10 }
— 10 ] < U e’ {0k
6 +ved-ot1sV +vc(
" ok F | Y1 ved=e 15V i ved=2 15V
= AD633 = | ADes3 - 4 it
PAN K, VAN - o
HxXT o Kyoqisv +HSV denP o AN ERY 5V : '
yi W P S > = = o 10k ? Vief 10k
X2 i > LS } > . > § }
[ ¥2ved o5y 9 um X Bk VTSV < E
VAR 15V 2 s
AD633 10k -

0k ISV 5V

power estimation 200n

Fig. 5. Circuit scheme of the experimental prototype.

voltage Vier = 350 V, nominal values of the CPL power, and
the input voltage P = 1 kW and V;, = 200 V.

Note that stability conditions (11a), (11b), and (12) require the
real value of P, which is actually unknown. However, for the
selection of K, and K g satisfying these conditions, a nominal
value of P = 1 kW has been used. This value has been employed
to design a prototype, which supplies a CPL with an unknown
power in the range of 0.5-1 kW. Hence, the controller param-
eters are K, = 0.01  and K = 40 x 10? and the switching
frequency used is 100 kHz. The complementary action of diode
D (IDH20G655GS5) and MOSFET Q (IRFP27N60KPBF), which
is activated by driver MAX4420, has implemented the switch
of the boost converter. The auxiliary diode for startup is the
IDH20G655C5. The control voltage vt introduced to the
PWM is a small modification of expression (2) because it uses the
instantaneous values of the state variables instead of the averaged
ones, so no low-pass filtering has been needed. The inductor
current has been measured by means of sensor LA25NP with
transformer ratio 1/2 while input and output voltages have been
measured by voltage dividers with ratios of 1/50 and 1/100,
respectively. The operational amplifiers in the control loop are
of LF347 type while the analog division is performed by AD633.
The sawtooth signal with frequency 100 kHz and amplitude 10
V is provided by function generator Tektronix AFG 202.

The comparator used to generate the PWM signal is LM319,
in which the sawtooth signal is internally compared with 10
times signal v.,1, provided by the control loop, in order to adapt
the output level of the analog divider to the output level of the
function generator. The electronic load EL 9750-75 HP has been
used to emulate the CPL. Fig. 6 illustrates the different blocks
of the experimental setup.

B. Simulations and Measurements

Fig. 7 illustrates PSIM simulations and experimental results
obtained for the boost switching regulator with the proposed
nonlinear control. The figure illustrates the response of the
system to input voltage variations. It can be observed that V,

control law

boost_converter prototype

I
I

electronic load

‘E -

function generator|

_-B

nonlinear control board

Fig. 6. Blocks of the experimental setup.

changes from 200 to 250 V with a slope of 6.25 V/ms, and returns
from 250 to 200 V with a slope of 13.88 V/ms, such slopes being
imposed by the power source AMREL SPS800x13-K02D. The
voltage overshoot in the capacitor is of 0.35 % (1.2 V) when the
input voltage increases, and the resulting settling time can be
neglected. The voltage undershoot, in turn, is of 0.71% (2.5 V)
and the settling time is negligible. The inductor current, in turn,
changes to its new reference value (4 A) when the input voltage
is 250 V while the capacitor voltage recovers the desired value of
350V after a fast transient-state. A remarkable agreement can be
appreciated between the PSIM simulation and the experimental
results in the laboratory prototype.

Similarly, the response of the system to step-type changes of
the CPL power is shown in Fig. 8, where both simulation and
experimental results are depicted. The power of the CPL changes
from 1 to 0.5 kW, then remains with this value during 16 ms and
returns to its initial value of 1 kW. The voltage overshoot in the
capacitor when the power decreases is of 4.57% (17 V), and the
associated settling time is of 2 ms. On the other hand, the voltage
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Fig. 7. PSIM simulations (a) and experimental results (b) of the system
response in the presence of input voltage variations from 200 to 250 V first,
and then from 250 to 200 V.

undershoot when the power increases is of 4.51% (15.8 V) and
the settling time is practically the same than in the previous case.
It has to be pointed out the absence of steady-state error in the
output voltage.

Moreover, constant switching frequency is observed in both
simulated and measured steady-state waveforms in Figs. 9 and
10, where the behavior of the inductor current is illustrated in
two different equilibrium points corresponding to input voltages
Vy = 200 Vand V; = 250 V, respectively. Note that the respec-
tive averaged values of the inductor current are 5 and 4 A while
the switching frequency is 100 kHz in both cases.

Finally, we have performed a comparison on equal basis be-
tween the proposed controller and the SMC of a boost converter
with CPL reported in [33]. We have selected that work because it
exhibited a high degree of output voltage regulation in response
to external disturbances, and its theoretical predictions were
verified by experiments. The response of the boost converter with
CPL under SMC to output power changes is shown in Fig. 11.

By comparing the results in Figs. 8 and 11, we conclude that
both strategies show a perfect rejection to load disturbances by
recovering the desired output voltage after a short transient-state.
The sliding-mode approach has a negligible settling time with no
overshoots or undershoots in the output voltage while the PWM
nonlinear control has an overshoot around 4.57%. This small
overshoot is produced in the lapse during which the estimated
power P searches the new value of the actual power P. The

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

; — 50V
i 50V
V, ‘ — 2A
! 4 ms
iL |
>
(@)
Tek Deten. 5 ii -
ve P .
Yy

E 3 :
". 50.0V @ 500V 4.00ms 2.50MM/s @ - |(30 Nov 2018
@ 200A & W v7.95600ms 100k pts. 2.08 A J(17:03:02

(®)

Fig.8. PSIM simulation (a) and experimental results (b) of the system response
for power variations in the CPL from 1 to 0.5 kW first, and then from 0.5 to
1 kW.

i —— e
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Fig. 9. PSIM simulation (a) and experimental results (b) of the steady-state
inductor behavior for V; = 200 V.

fast response of the SMC is intrinsic of that approach because
switching between the converter topologies is produced by the
internal state of the converter and not by an external signal as in
the PWM case.

The practical implementation of the SMC has been carried out
with a hysteresis modulator, which eventually results in variable
switching frequency. In addition, the implementation of SMCre-
quires the value of the load power. Note that the switching func-
tion is given by S(z) = Ko (ve — Viet) + Kr(ir, — P/Vy),
which includes the term P/V/, that requires the calculation of P
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Fig. 10.  PSIM simulation (a) and experimental results (b) of the steady-state
inductor behavior for V; = 250 V.
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Simulation results Experimental results

Fig. 11.  Response to power load changes of step type from 1 to 0.5 kW and
restored back to 1 kW using the SMC reported in [33].

by multiplying the measured values of output voltage and output
current. On the contrary, the PWM nonlinear control does not
need that current sensor and the associated circuitry to measure
the CPL power, and works with constant switching frequency.

VI. EFFECT OF THE LOSSES ON THE EQUILIBRIUM POINT

The set of equations (1) describes an ideal behavior of the
converter, so no losses have been taken into account. Based on
this model, the control law leads to zero steady-state error of
the output voltage (5 = 0) with respect to the desired value
Vet as illustrated in Figs. 7 and 8 in spite of the inevitable
converter conduction losses in the implemented prototype. This
feature cannot be extended to the other two errors E} and E3
corresponding to the inductor current and the estimated power,
respectively, which are sensitive to the conduction losses in
the circuit. For instance, the simulation of the ideal converter
behavior with control law (2) and power estimation (3) shows a
perfect tracking of the output power as shown in Fig. 12. It can
be observed that variable P reaches fast the new value of the
CPL power when P changes from 1 to 0.5 kW and from 0.5 to
1 kW.

Howeyver, if conduction losses are considered in the converter
model, a steady-state error of the estimated power P with respect
to the actual power P will result. This is shown in Fig. 13(a)
and (b), which illustrate simulation and experimental results,
respectively. Note again the perfect agreement between both
types of results.

The absence of error in the output voltage tracking and the
existence of error in the power estimation, and hence, in the
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Fig. 13.  Effect of the resistive losses on the output power estimation. (a) Sim-
ulation results. (b) Experimental results.

inductor current tracking can be explained by modeling, the
cumulative effect of conduction losses in inductor, diode, and
transistor by means of a resistor R; in series with inductor L.
Taking into account these losses, (6a) becomes as follows:

dey  1/(V, J2 K,
(L (L _Bep
it L<uef+ ”(Vg“” 7, *e?’))

P R V.
X(Wef—&-ez)—(—i-el)l—&-g

v, L L 19

while (6b) and (6c) still apply.
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The analysis of the set of differential equations (6b), (6¢), and
(14) leads to the following constraints for the coordinates of the
equilibrium point

E;=0 (15a)
RV,
E: = 15b
3 ( K uef) K vref (15b)
o K I K P V
Ef = ! ! V ‘/rct (lSC)
3 K,Ef K,P
Vy V2

Expressions (15b) and (15c) can be represented as depicted in
Fig. 14. The intersection of curves representing (15b) and (15c)
provides two possible values of both ] and E3 corresponding to
points P; and P5, respectively. In the absence of losses R; = 0,
(15b) becomes the green straight line that intersect the red curve
only at the origin and at minus infinite, the latter point having
no physical meaning. Therefore, for a value of R; different from
zero, there is always a steady-value of F7 and I3 different from
zero. In a clear-cut contrast E; is always zero irrespective of the
value of R;.

It can be demonstrated that modifying the control law (2) by
including the effect of losses as follows:

2P _
K, | ———1 16
”(vg+A L) (16)

A=./V2-4PR

yields Bf = E5 = E% = 0 as in the ideal case.

2Viet =V, — A

d:
2‘/;ef

where

a7

VII. CONCLUSION

This article has presented a nonlinear control for a dc—dc
switching boost converter operating in CCM supplying an un-
known constant power load. The proposed strategy uses only
three sensors and a pulse width modulator that guarantees a
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constant switching frequency. The control signal of the PWM
has two terms. The first one is the required steady-state duty
cycle for given values of input and output voltages. The second
one is a compensating element based on the inductor current
error with respect to its steady-state value. Given that the latter
is unknown because the power of the CPL is unknown, the
controller includes a loop processing an odd-symmetry function
of the output voltage error to estimate the unknown power. Thus,
the controller uses three parameters K,,, Kg, and K 4 and com-
bines output power estimation and output voltage regulation with
no separated dynamics in a clear-cut contrast with conventional
cascade controllers. The closed-loop system behavior has been
studied in terms of the joint dynamics of three errors, i.e., output
voltage error, inductor current error, and estimated power error.
Linearizing the error dynamics has led to a region of stability
in the plane defined by the two parameters of the controller
K, and Kg. The third parameter K 4 establishes by design
|d]3 /dt|max and, therefore, limits the subsequent integration
avoiding saturation.

A subsequent analysis of the conduction losses effect on
the controller performance has shown that the tracking of the
output voltage is insensitive to that type of losses, so no output
voltage error has resulted in steady-state using the control based
on a converter model without losses. The analysis has also
demonstrated that steady-state errors will exist in both inductor
current and estimated power in presence of conduction losses.
Reformulating the control law with the inclusion of a term mod-
eling the losses has led to zero steady-state error in both inductor
current and power estimation. Nonetheless, the reformulation
has only a theoretical interest since its implementation would
require measuring offline the parasitic resistance of each element
in the inductor current path in both ON and OFF states to group
all the losses together in a single resistor I;. For that reason,
the control derived from the ideal model of the converter is
preferred since offers a robust behavior of the voltage regulation
in presence of uncertainty not only in the output power but also
in the parasitic resistances.

The experimental results have verified both theoretical and
simulation predictions for large-signal variations of input volt-
age and CPL power. A comparison on equal basis with a sliding-
mode strategy has shown that the control here proposed results in
a similar dynamic response adding constant switching frequency
and not requiring output current sensing to calculate the power
of the CPL.

APPENDIX A
ANALYSIS OF THE PROPOSED CONTROL LAW

Assuming in (2) that the duty cycle is limited to the first term,
results in

V;ef -V
d=-2_9, (A.1)
‘/ref
In steady state, the output voltage will be given by
— V,
Vo = Vier = —~2 (A.2)

1-D°
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This is the expected behavior of the boost converter in open
loop. Nonetheless, we need to add a term to counteract the
disturbances introduced through input and output ports, i.e.,
input voltage variations and power demand changes.

The new term should keep constant the output voltage and
redirect the energy introduced by the disturbances to the inductor
current. While the equilibrium coordinate of the output voltage
must be preserved, that of the inductor current must change
to absorb the increment of energy penetrating into the system.
Thus, the coordinate of the inductor current equilibrium point
becomes a function of time.

After a transient-state created by an external disturbance, the
regulated system only changes the inductor current equilibrium
point while keeping constant the coordinate of the capacitor
voltage. A traditional procedure to implement the corresponding
control is to include a linear function of the output voltage
error in the expression of the coordinate of the inductor current
equilibrium point, which is used to process the inductor current
error [39].

Therefore, (A.2) could be modified as follows:

Viet =V, , —
Tt Klin(t) )
ref

where (ig(t) —ir) is the inductor current error, and ix(t) is
the time-varying coordinate of the inductor current equilibrium
coordinate given by

d= (A.3)

ip(t) = Ip +ip(t).

In the last expression, I is the inductor current coordinate in
the equilibrium point corresponding to nominal values of input
voltage and output power, i.e., [z = P/V,. In addition, ig (t)is
the time-varying term for indirect output voltage regulation.

Hence, a possible expression of (A.3) could be given by
eref Sz

P o -
Vo T (vg +int) 1)

(A4)

d= (A.5)

where iz (t) could be defined as follows:

t

ip(t) = Ki(Viet — TC) + Kz/ (Viet =0 (X))dA. (A.6)

Hence, introducing (A.6) in (A.5) results in
V;ef -V,

P
£+ K, ( + K1 (Viet — 0C)
V;cf

d:
Vg

t
+m/(mmmﬁiQ. (AT)
However, expression (A.7) has the following drawbacks.

1) The term P/V, is unknown in the problem studied in this
article because P is unknown.
2) Theterm Ko ffoc (Viet — D& (X)) dA can be saturated since
it is the integral of a linear expression of the voltage error.
The higher the error is the higher the integral results and
the risk of saturation increases in a real implementation.
Therefore, the term P/ Vy has to be estimated by means of
P /V, while the indirect regulation of the output voltage given
by (A.6) will be performed through P, which, in turn, will be
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given by

p/t Kg(Viet — )

—00 1 + KA(‘/;ef - %)2 ’
Expression (A.8) is the integral of a bounded function whose
maximum value can be established by an appropriate choice of

parameter K 4 as shown in Appendix B.
Therefore, the final control law becomes

KE(‘/ref - W)

t
V}ef_vtq +K fioc ]-+KA(V;ef*%)2 _T
‘/ref P Vg L

(A.8)

d =

(A9)
which corresponds to (2) and (3).

APPENDIX B
EXAMINATION OF PARAMETER K 4

The power estimator dynamics in (3) can be rewritten as
follows:

B KE.%‘
14 Kya?

being y = dP/dt and z = Vet — 0C.

It can be noted that (B.1) is an odd-symmetry function of
the output voltage error, which has a minimum for x;, =
—1/v/Kx and a maximum for z,., = 1/y/Kx. Besides, the
absolute value of the function is the same in both extrema and
can be expressed as follows:

Y (B.1)

Kg

2VEKA
Or equivalently, the maximum absolute value of the time deriva-
tive of the estimated variable is given by

(B.2)

|y|max -

ip
dt

_ Ko (B.3)
2VEKa
Therefore, the gain K 4 is essential to limit the maximum
absolute value of the estimated variable derivative. Then, the
maximum value of the function to be integrated is limited by
design, which avoids saturation of the integrator, in a clear-cut
contrast by using a linear function of the voltage error as the one
shown in (A.6). In addition, even for large voltage error values,
the function to be integrated approaches to zero and the integral
will not be saturated, as is shown below
K EX

lim —— 2 =
a:l—l;rf)lcl—FKA(I}Q

max

(B.4)

On the other hand, the gain K 4 is not part of the stability anal-
ysis around of the equilibrium point because the linearization of
(B.1) around that point is equivalent to substitute this expression
by the tangent to the curve at the origin, which leads to

dy

Yin = —— r = Kgx. (B.5)
dx

=0
Fig. 15 represents function (B.1) in the plane x—y for two
different values of K 4. The maximum and minimum of function
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Fig. 15

Yin = KEI

Graphical representation of the power estimator dynamics.

y and its linear approximation y;, close to the origin can also
be observed. Furthermore, function ¥ has three inflection points

atx; = 0,29 = —y/1/Ka, and z3 = \/1/K 4, respectively.
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