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Analysis and Design of the Inductor-Current-Sensing
Peak-Power-Tracking Solar-Array Regulator

Yoon-Jay Cho* and Bo-Hyung Cho'
Seoul National University, Seoul, Korea 151-742

An analysis and design of a peak-power-tracking solar-array regulator that senses the inductor current are
proposed. Because it uses the inductor current as the solar-array output-power information, the peak-power-
tracking control scheme can be greatly simplified. The charge-controlled two-loop scheme is presented to improve
the undesired dynamics caused by the interaction between the inductor current and the peak-power-tracking loop.
The comparison between the single-voltage-loop-controlled system and the two-loop-controlled system that uses

the charge control is presented.

Nomenclature

Constants

C = capacitor value of the solar-array regulator, F

C; = capacitor value of the filter stage in the solar-array
regulator, F

C, capacitor value in switch current-sensingnetwork, F

D = duty ratio of the solar-array regulator

F,, = switching frequency of the solar-array regulator, Hz

L = inductor value of the solar-array regulator, H

L, = inductorvalue of the filter stage in the solar-array
regulator, H

Rc = parasticresistance of the capacitor,

RI = parastic resistance of the inductor,

rs = dynamic resistance of the solar array, Q2

T = sampling peroid of the peak-power-tracking
controller, s

ws = sampling frequency of the peak-power-tracking
controller, rad/s

Variables

I = inductor current of the solar-array regulator, A

I = solar-array output current, A

Iswy = switch current in the solar-array regulator, A

Py = solar-array output power, W

Voa = battery voltage, V

Ve = control voltage of the inner loop, V

Vet = reference voltage of the solar array generated by the
peak-power-trackingcontroller, V

Vs = solar-array output voltage, V

V. = voltage of the current-sensing transfomer, V

x = small-signal disturbance of variable X

Transfer Functions

Fm = pulse-width-modulation (PWM) gain of the inner loop

Gvd = transfer function from the duty ratio to the solar-array
voltage

Gid = transfer function from the duty ratio to the inductor
current

Hv = transfer function of the inner voltage loop

Hi = transfer function of the inner current loop

PPT transfer function of the peak-power-trackingcontroller

Received 31 January 2000; revision received 10 April 2000; accepted for
publication 20 June 2000. Copyright © 2000 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

*Ph. D. Candidate, Power Electronics System Laboratory, School of Elec-
trical Engineering, #043 SOEE, Kwan-Ak P.O. Box 34; feelso@snu.ac.kr.
Member ATAA.

TProfessor, Power Electronics System Laboratory, School of Electrical
Engineering, #043 SOEE, Kwan-Ak P.O. Box 34; bhcho @snu.ac.kr.

467

Tv
Ti

FmHvGvd
FmHiGid

I. Introduction

OR a low-Earth-orbit (LEO) spacecraft power system, a solar-

array regulator(SAR) processesthe solar-array power to charge
the battery and to supply the load power during the sunlight period.
The SAR operates mainly in two modes: the peak-power-tracking
(PPT) mode and the current-regulation (CR) mode, depending on
the status of the battery and the load-powerdemand."? As shown in
Fig. 1, the output characteristicof the solar array is highly nonlinear
and its output power depends on the operating point, which is set
by the SAR. The peak-power point varies with the temperature,
the illumination level, and the age of the solar array. Especially
for a LEO spacecraft power system, which has short orbit cycles
and undergoes wide temperature and illumination variations, it is
necessary to have adaptive tracking capability for this peak-power
point. Figure 2 illustrates a series SAR system widely used in a
LEO spacecraft power system in the PPT mode. The inner voltage
loop regulates the solar-array output voltage to the reference value
from the PPT controller. The PPT controller calculates the solar-
array power slope by multiplying the sensed solar-array voltage and
current. If this power slope is positive, the PPT controller increases
the reference value until the sensed power slope is negative, and
vice versa. By this method, the operating point of the solar array is
located near the peak-power point, where the power slope is zero.
This algorithm can be expressed as

APy

Vie(k + 1) = Vie(k) + M
ik + 1) (k) + AV,

o))

where M is the gain of the PPT controllerthatuses the power-sensing
scheme.

As shown in Fig. 2, for a given battery voltage, the average value
of the inductor current is proportional to the solar-array power. A
simple PPT scheme in which only the inductorcurrent /; inthe SAR
is sensed for the PPT algorithm is presented in Fig. 3 (Ref. 3, 4).
This system greatly simplifies the PPT scheme, especially for an
analog PPT scheme, because the multiplying operation in the PPT
controller is not necessary. The conventional algorithm in Eq. (1)
can be used in this system as

Al
AV

Vref(k + 1) = Vref(k) +Ml (2)

where Mi is the gain of the PPT controller that uses the inductor-
current-sensingscheme. For the same dc gain of the power-sensing
scheme, Mi must be set to M V.

Even though the steady-state value of the inductor current is pro-
portional to the solar-array output power, their dynamic responses
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Fig. 3 Inductor-current-sensing system.

and hence the stability conditions are quite different. As the solar-
array output characteristic changes, this directly reflects the solar-
array output-power sensing scheme in the system in Fig. 2, whereas
this perturbation information appears in the inductor current after
going through the converter dynamics in the system in Fig. 3. This
has detrimental effects on the PPT control loop and possibly causes
stability problems. The simulation result in Fig. 4, in which the
same effective controller gain and sampling frequency as those in
Fig. 3 are used, shows unstable operation in the inductor-current-
sensing scheme. To overcome these undesireddynamic interactions,
a multiple-loop current-mode control can be used.
In Sec. II, a small-signal analysis of the single-loop- (voltage-
loop-) controlled inductor-current-sensing system is performed to
analyze the interaction of the inductor-current dynamics with the
PPT loop. In Sec. I11, an analysis and design of the charge-controlled
current-mode system are presented, and performance verification
through computer simulation is also presented. Also, the problems
and the difficulties with peak-current-mode control are discussed.

II. Small-Signal Analysis of a
Single-Loop-Controlled System
Figure 5 shows the control block diagram of the power-sensing
PPT system. G(s) is the transfer function of the SAR from the
referencevoltageto the solar-array outputvoltage, Vs/ Vi, and F (s)
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Fig. 5 Control block diagram of the power-sensing scheme.

is the transfer function of the PPT controller from the solar-array
voltage to the reference voltage, V..r/Vs. Integration of these two
blocks causes a feedback network system. Thus, in this system, the
stability of the PPT loop depends on the overall loop gain (7,) as in

T; = [GOIF ()] 3

This shows that the stability of the power-sensingscheme depends
on the dynamics of the solar-array voltage. The transfer function
from the solar-array voltage to the reference voltage in Eq. (3) can
be derived as Eq. (4) from the small-signal analysis of Eq. (1),

with the zero-order-holdeffect in discrete characteristicsin the PPT
controller:

Dot MIp 15T +1

- 4
Vg Vp s 25Ts @

where Ip is the current of the solar array and Vp is the voltage of the

solar array when the operating point is located near the peak-power
point.
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Fig. 7 Bode plot of the inductor dynamics [ Vi Gr/ps)(w)].

In the inductor-current-sening scheme in Fig. 6, the sensed
inductor-currentinformation in Eq. (2) can be divided into the two
factorsasinEq. (5). The first factor (A Py / A V) representsthe solar-
array output-power slope with respect to the solar-array voltage
variation, and the second factor (Al /A Py) is the inductor-current
dynamics in this system:

Al, _ APs Al

— = ®)
AVS AVS APS

Because these two terms are functions of time, as expressed in
Eq. (1), the transfer function in the frequency domain is difficult
to derive. However, if the power variation is assumed to be the
sinusoidal function with constantfrequency (sampling frequency of
the PPT controller), the inductor-currentdynamics can be expressed
as a complex constant, and Eq. (5) can be expressed as Eq. (6). A
detailed derivation is included in the Appendix.

Al AP
() (6)
AVS AVS PS @w=ws
i 1 HvFmGid
2wy =— 7
» (w) X 11D 7

Figure 7 is the Bode plot of the transfer characteristic from the
solar-array output power to the inductor current [Eq. (7)], which
shows that the effect of the inductor-currentdynamics is unity with-
out any phase delay where the sampling frequency is sufficiently
low.

However, as the sampling frequency increases, the gain and the
phase distortion that are due to the inductor dynamics become pro-
nounced. Furthermore, the peaking frequency of the inductor dy-
namics moves to the lower-frequency region as the operating point
of the solar array moves to the peak-power point.

To avoid the detrimental effect of the inductor dynamics, the
sampling frequency must be limited to the low frequency or a low-
pass filter must be added to the feedback loop. However, the cutoff
frequency of the low-pass filter must be low. This delays the speed
of the overall feedback loop and makes the dynamic performance
of the system poor.

III. Current-Mode Control

Instead of using an additional low-pass filter or limiting the speed
ofthe PPT controller,the current-modecontrolis proposed. Because
the inductor-current information is fed back and incorporated to
determine the duty ratio of the SAR, this additional current loop
should be able to improve the system dynamics. From Fig. 8, the
inductor dynamics with the current loop closed becomes

is 1 HvFmGid
— () = =——— (®)
Ds Tk 1+Tv+Ti

1 (Hv/H)Ti 1 Hv

T Ik1+Tv+Ti Ik Hi ©)

when 7i > 1 + Tv.

From Eq. (8), it can be seen thatif the currentloop (77) dominates
over the voltageloop gain (7v), the inductor-currentdynamics (Gid)
cancels out as Eq. (9), especially in the frequency range where the
inductor dynamics become interactive—region B in Fig. 9. Figure 9
shows the relative magnitude of 77 and 7v for a properly designed
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Fig. 10 Charge-control scheme.

system. Furthermore, the current-mode control offers inherent cur-
rent protection without additional circuits.

Charge-Current-Mode Control

Among various current-mode controls, the charge-current-mode
(CCM) control scheme in Fig. 10 is proposed’~7 The peak-current
mode (PCM) or the average-inductor-currert mode (ACM) cannot
be used because the dynamics of the current loop is quite different
between the operating point in the current-source region and the
voltage-sourceregion of the solar-array output. This is because, as
shown in Fig. 1, the inductor-current gain function with respect to
the solar-array voltage changes its sign as the operating point moves
from the current-sourceregion to the voltage-sourceregion. In fact,
PCM or ACM control results in a nonminimum phase system.

In Fig. 10 the capacitorin the current-sensingnetwork integrates
the switch current to obtain the charge information of the switch
current per cycle. The voltage loop regulates the solar-array out-
put voltage by controlling this charger current. In this scheme the
following condition is satisfied in each switching cycle:

v, I/dTSWI 1) dt Lo (10)
t — C, ) L() - C, lsw

where T, is the switching period and iy, is the average switch
current.

The time average value of the switch currenthas the same dynamic
information as the solar-array currentin this system. Thus the solar-
array currentinformationis fed back and incorporatedto control the
solar-array voltage.

External Ramp Design

The charge control has an inherent instability problem as in the
peak-current-mode control when the duty ratio is over 50%. This
subharmonicoscillation occurs when the following conditionis not
satisfied®":

Irpg > S;T /2 (1D

where I pk is the inductor peak current and S is the falling slope
of the charge-current waveform.

This condition may not be satisfied in this power stage when
the solar-array power is low. To avoid this inherent subharmonic
oscillation,an external ramp must be added. The stability condition
with the external ramp is

LF,C/Se 1

LF,,1
swiLPK ~-0 (12)
Vbat Vhat 2

where C;=NC,, N is the turn ratio of the current-sensing trans-
former in Fig. 10, and Se is the external ramp slope.

To make the currentloop stable in the entire operating range, the
external ramp slope (Se) is designed to meet this condition even if
11 pk is zero in condition (12).

Voltage-Loop Design

In designing the voltage loop, the switching regulator with the
current loop closed can be treated as a new power stage—the block
with a dotted line in Fig. 8. Then the effective loop gain (defined at

point A in Fig. 8) becomes the product of the control to the output
transfer function (05 /0¢) of the new power stage [Eq. (13)] and the
loop compensationfunction. Thus, based on the transfer functionin
Eq. (13), the compensator can be designed:

it s/on)( + s/0p) 05

(1 +s/0)(1+5/0pw, +52[a?)

@Ticlosed

A detailed expressionof the constantin Eq. (13) is included in the
Appendix. The 2 pole—1 zero compensatoris used in this voltage
controller.

Fig. 11 Current (7i) and voltage gain (7v) in the charge control.
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Fig. 12 Simulation results (charge-control scheme).

Fig. 13 Bode plot of the inductor dynamics [Vbat(iL@Js Yw)].
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Figure 11 shows 7i and Tv when the operating point of the solar
array is near the peak-power point. Figure 12 shares the simulation
results of the proposed systemthat uses the charge control. The same
conditions as in the case of Fig. 4 are applied to this simulation, but
in this case, the results show a stable operation because the inductor
dynamics is improved as in Fig. 13 (compare with Fig. 7).

IV. Conclusion

The inductor-current-sersing systemcan greatly simplify the PPT
controllerbecauseitdoes notneed amultiplyingoperation. Dynamic
interaction between the inductor current and the PPT loop is ana-
lyzed,andit shows that the interactioncauses detrimentaleffects and
possibly a stability problem in the PPT system. A multiloop control
that uses the current-mode control effectively solves the problem.
Among various current-mode controls, the CCM control is imple-
mented. It is shown that the PCM control cannot be used for this
scheme. Simulation results show the effectiveness of the proposed
control scheme.

Appendix
Derivation of Eq. (6)

A~

oo
[ )
AIL(t):/ L (@)AP(jw)e dw

oo Ps
Assume that AP (jw) = APo (@ — ws), where o (w) is the impulse
function,

A~

:/ L ) APo (0 — wg)e’™ do
—00

Ps

A~

i .
= = (ws) AP
Ps

[Eq. (8)], where

Ik [s(VsC/Ik) + 1]

Gid =
D2 A(s)

where
Ik = (Vg/rg — Is)
Gvd = (Vou/ D*) (s, L/ Vo) + 1(sReC + 1)}/ A(s))
A(s) = s?/LC + s[(Rc + Rl/D}C — 1/ D*rg] + 1

Constants of Condition (11)

1 _ DV .
Wz = ReC’ wzy = IsL , Wy = .,

C, , D

Fn= ———— Ri =
(ILP + Secr)Tsw Crst
0r =1 LF,I, D N LF,,C,Se
= T — e — —
r Vbat 2 Vbat
Fm (Vi / D?)

Gi =
1+ K fFm(Viw / D2) + RiFm(lk/ D?)
where

Ik = (Vs/rs — I5)

1+ KfFm(Viy / D?) + RiFm(lk/D?)

w

o
AP (1) :/ APs(jw)e’ dw = APe’s!

o]

Thus

Al i
x| = (w)
APy Ps

Derivation of Egs. (7) and (8)

@w=wg

ps = —(Vs/rs — Is)bs 2 —Ikis,  is/ps = —(1/1k)(is/Ds)

Without the current loop (7i = 0) and from Fig. 8b,

is 1 HvFmGid

]35 o ﬁ 1 + Tv
[Eq. (7)]. With the currentloop (7i) and from Fig. 8b,

is 1 HvFmGid

ps Tk1+Tv+Ti

. (Rc+ Rl/D*)C — l/Der + Kme(Vbut/Dz)[(wZI + wz2)/wz1wz2] + RiFm(lk/D*)(rsC — Ts/2)
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