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Abstract—Photovoltaic (PV) dc optimizers require input volt-
age regulation over a wide range to maximize power extracted
from PV panels. As such, seamless reference tracking and
robust stability are required under all operating conditions.
This work introduces a mixed-signal sliding mode controller for
non-inverting Buck-Boost (NIBB) dc optimizers to address these
challenges. The controller, implemented around a low-cost DSP
platform, achieves seamless reference tracking in pass-through
mode — where the input voltage is close to the output voltage —
while retaining the reduced inductor and switch current stresses
typical of multi-mode NIBB modulations. Design guidelines
for the implementation are outlined, and experimental results
validate the effectiveness of the proposed controller on a 600 W
NIBB converter.

Index Terms—sliding mode control, dc optimizers

I. INTRODUCTION

In residential photovoltaic (PV) systems, PV panels can be
interfaced with a grid-tied inverter through series-stacked dc
optimizers [1], [2], as shown in Fig. 1. Each dc optimizer
performs Maximum Power Point Tracking (MPPT) by varying
the voltage at the PV panel terminals. The input voltage V
of the optimizer varies over an extensive range depending on
the panel’s irradiance, operating temperature, and conditions
such as partial shading, while the inverter regulates the dc
bus voltage. The non-inverting Buck-Boost (NIBB) converter,
with its topological versatility and capability for step-up and
step-down operation, is often used to implement dc optimizers.

Due to the practical limitations of pulse width modulators,
multi-mode controllers for NIBB topologies invariably face
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Fig. 1: Photovoltaic system based on several series-connected
dc optimizer modules interfacing with a grid-tied inverter.
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challenges around the so-called pass-through region when the
conversion ratio M = V,/V, is close to 1. This typically
leads to pulse skipping, chattering of controlled state vari-
ables, and potential instability [3]-[7]. This work proposes a
Mixed-Signal Sliding Mode Controller (MS-SMC) capable of
achieving smooth operation around the pass-through region
while retaining the advantages of the reduced inductor and
switch current stress commonly seen in multi-mode NIBB
modulations. The controller architecture, depicted in Fig. 2,
is constructed around the mixed-signal resources of a low-
cost commercial DSP platform [8]. A fast, analog-based, but
digitally programmable sliding mode control layer implements
the cycle-by-cycle control of the NIBB. Here, the sliding
surface function o (t) is analog-compared to generate the basic
switching events for the converter, while a fast digital logic
implemented using the platform’s Configurable Logic Block
(CLB) provides the additional processing required for the
applied gate signals in different operating modes. A slower
digital layer, controlled by the DSP, programs the sliding
surface and controller set-point and provides higher-level
functions such as MPPT, communication, telemetry, and other
ancillary features. By combining analog and digital resources
in a versatile and programmable manner, the proposed archi-
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Fig. 2: High-level depiction of the proposed mixed-signal
sliding mode controller, with general case study specifications.
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Fig. 3: The three switching states of the NIBB converter with accompanying normalized state-plane trajectories.

tecture reduces the computational latency and attains a faster
switching rate in a low-cost implementation when compared
to its purely digital counterparts [9]-[11].

The rest of the paper proceeds as follows: Section II
describes the operation and general implementation of the
proposed mixed-signal sliding mode controller, while Sec-
tion III outlines the design methodology adopted for the
specific NIBB dc optimizer case study considered in this
work. Section IV illustrates the experimental validation of
the proposed implementation on a 600 W NIBB converter
prototype operated as a dc optimizer.

II. PROPOSED MIXED-SIGNAL SLIDING MODE CONTROL

In all generality, the instantaneous dynamic equations of the
converter can be expressed as

di 1
7dtL = (Ug(h - Vo(1 - Q3)> (1a)
dvg 1 v )

=—|I,— =< — 1b
&~ G, < "R, ZLQl) ) (1b)

with ¢; and g3 as the gate signals for () and @3, respectively.
There are a total of four possible converter states depending
on the switches ¢; and ¢3 switch states. The three states
involved in direct power transfer are highlighted in Fig. 3. Note
that the axis of the plots are normalized with Vpese = V, and
Ivase = Viase/Ro, where Ry = \/L/C is the characteristic
impedance. State trajectories associated with the resonant
states A and B can be drawn as a family of circles centered at
(0, Jpy) and (1, J,,), respectively, while state C generates a
linear trajectory with slope —1/.J,,. With this normalization,
the large-signal behavior of the converter can be conveniently
studied using purely geometrical arguments [12], [13].

A. Operation of the Proposed Sliding Mode Controller
The sliding surface equation is defined as
@)

where K £ [K) K,), x £ [vg iL]T, and where T,.f £
[Vg,ref ime]T is the controller set-point [14]-[17]. The
L ref S€t-point is obtained as a low-pass version of the sensed

02 K (x—xpey) =0,

inductor current. For given vy s, the operating iy, ,..y can be
found geometrically as the point where the trajectories have
opposing tangents when crossing the sliding surface (¢ = 0)
for a two-state modulation. The proposed controller operates
across three main operating regions:

e Boost region, defined as vg < Vgpstpt < Voi

e Buck region, defined as V, < Vgpekpt < g3

e Pass-through region, defined as Vg pg.pr < vg < Vi bekopt-
where Vg pgpe and Vg pekpe denote the pass-through region
boundaries on the boost and the buck sides, respectively.

The normalized state-plane trajectories in the three modes of
operations are depicted in Fig. 4. In boost mode (Fig. 4(a)), the
converter alternates between states A and B, resulting in the
steady-state trajectory translating along the j;, = Jpy line;
in buck mode (Fig. 4(c)), on the other hand, the converter
alternates between states B and C, causing the steady-state
trajectory to shift along j;, = Jpymy.

Within the pass-through region (Fig. 4(b)), states A and C
terminate when o (t) crosses thresholds H; and Hs, respec-
tively. However, the two distinct instances of state B — color-
coded red and green in Fig. 4(b) — are each terminated by
separate digital counters, c; and co, upon reaching thresholds
ter €10,Te1] and teo € [0, Teo]. Use of counters ¢; and ¢y in
pass-through mode is illustrated in greater detail in Fig. 5. As
Vy increases, t.; rises while .o falls, shifting dominance from
the green to the red instance of state B. The counter thresholds
for these two instances of state B adjust as follows,

tc2 = (1 - a) : Tc27

where o = (va,ref - va,bsl-pt) / (va,bck-pl - V:g,bsl—pt)-

State-plane analysis of each operational mode reveals that
the converter’s trajectory consistently forms a closed figure
and the average value of the controlled variable, specifically
g, is determined by the geometry of this closed trajectory. The
approach here relies on the principle that, as the operating
point transitions from the boost region, through the pass-
through region, and into the buck region, the shape of the
closed trajectory should evolve gradually, thereby avoiding
abrupt changes in the average value. Furthermore, the pro-
posed modulation scheme ensures that the converter operates

3
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Fig. 4: Normalized state plane trajectory for the three modes of operation.

at a significantly reduced ¢, s compared to standard buck-
boost modulation, as illustrated in Fig. 6.

Interestingly, the counter-based implementation discussed
above is an extension of the conventional, hysteresis-based
SMC, with the key difference that the hysteresis is a level-
based threshold, whereas the counters are time-based thresh-
olds. Counter-termination events ¢; = t.; and ¢y = t.o act
as additional inputs to the SMC controller, making switching
between the three states possible in the pass-through region.
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Fig. 5: Modulation scheme in pass-through operation.

B. Hardware Implementation

Implementation of the mixed-signal controller of Fig. 2 is
conducted around Texas Instruments LAUNCHXL F280049C
development board [8]. A detailed diagram of the controller ar-
chitecture is shown in Fig. 7. The sliding surface function o (t)
is generated in the analog domain via external instrumentation
and summing amplifiers. A digital potentiometer functions as
an adjustable gain resistor in the instrumentation amplifier
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Fig. 6: Comparison of the proposed pass-through modulation
with the traditional buck-boost modulation. States A and B are
circular arcs centered at (0, J,,) and (1, J,,), respectively.

stage. It is programmable via SPI by the microcontroller,
enabling modification of the sliding surface coefficients K;
and K.

The analog signal o(t) is fed to the onboard CMPSS
(Comparator Sub-system), where each module includes two
comparators and internal DACs for hysteresis thresholds H;
and Hs. The CMPSS also performs digital filtering to mit-
igate switching noise from the sensed o(t), ensuring stable
operation. In the subsequent CLB (Configurable Logic Block)
stage, sequential logic uses the comparator outputs u; and us,
along with internal counter termination events c; and cs, to
generate gate logic signals ¢; and gs3. These logic signals are
then fed to the EPWM module, which adds the required dead
times to produce the final gate signals g pwm and g3 pwwm.
The ¢; and g3 signals are also fed to the ECAP module to
measure switching frequency in real-time, allowing for on-the-
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Fig. 7: Hardware implementation of the mixed-signal sliding mode controller using resources of a low—cost DSP platform [8].

fly adjustment of hysteresis thresholds to specifically limit the
maximum switching frequency in boost and buck modes. The
implementation described above provides complete run-time
control over all parameters used in the sliding mode controller,
leading to enhanced system programmability over traditional
SMC implementations and enabling support of diverse options
for advanced modulation schemes.

C. Generation of the gate logic signals

The CLB has three central units utilized in the implemen-
tation: the Look-up Tables (LUTs), Counters, and High-Level
Controller (HLC). The sequential logic that generates the gate
logic signals ¢; and g3 is depicted as a finite state machine
in Fig. 8a. The sequential logic for gate logic signals can be
derived for the pass-through region (4a), boost region (4b), and
buck region (4c). The counter enable flags, f; and f5, corre-
sponding to counter-1 and counter-2 (4d), respectively, activate
the appropriate counter during state B based on the context of
the preceding state. This ensures that the two instances of state
B are terminated after the appropriate durations.

Q=0 G+ G ut+q- G- (24701 fi) “a)
G=q ¢ W+q- G- (c1+us- f2)

/

@ =1

h L (4b)
Q3 =q1-q3 U1 +q1-¢q3 U

/ _ — —_ —

G =0q Q3 U1 +q1-q3-u

, (do)
g3 =10

U= fo- (U1 4+ ug) + 71 - u

f% E ( 1 j) 1 j (4d)
fo=fi- (w1 +%2) +u -2

IT1I. DESIGN GUIDELINES

In the subsequent sections, we explore the selection of the
hysteresis levels (Hin, Hmaz) and the maximum counter
times (7,1,7.2) based on a given specification of sliding
surface coefficients: K7 /K5 = 0.8, pass-through region limits
(Vgbst-pt = 35V, Vg bekpt = 45 V), and fs,, limits: (100 kHz -
200kHz). It is important to note that these limits, here taken

C2
v uz
C1

(a) Pass-through Region

w w

u w

(b) Boost Region (c) Buck Region

Fig. 8: Finite State Machine (FSM) illustrating state transi-
tions, with each state uniquely defined by the gate logic values

[q1, g3].

TABLE I: Summary of Design Parameters

Value
Parameter
Initial Design ‘ Final Design
K{/K} 0.8 0.83
fsw 100 kHz to 200 kHz | 80 kHz to 200 kHz
Vg,bsl»plv Vg,bck»pl (35 V, 45 V) (35 V, 45 V)
Hmin 0.4 0.4
Te1,Te2 (6.5us, 8us) (Tus, 9us)

as inputs to the design procedure, involve several trade-offs
including converter efficiency as well as reachability/existence
requirements for state B. As such, they should be subsequently
refined based on simulation and/or experimental evaluation.

A. Sliding Surface Coefficients

Let the sensor gains for vy and ir be Gy, sns and Gy sns
respectively. Similarly, assume the instrumentation amplifier
gains to be G,,1a and G;, 1o along each path. The imple-
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Fig. 9: Theoretically estimated vs. simulated switching fre-
quency (fsy) variation across boost, buck, and pass-through
regions, based on the approximate expressions reported in the
Appendix, including the maximum switching rate limitation.

mented coefficients can be written as

(5a)
(5b)

’

Kl = Gvg,sns : Gvg,IA
/

K, = GiL,sns : GiL,IA

The modified sliding surface equation then becomes o =
K] (vg_ys,;,S — v;mef) + K (i, sns — z"’%’ref) where the }reference
values Vg ref = G, sns* Vg,ref and U ref = Giy ons L ref are
sensor gain adjusted values provided by the microcontroller’s
DAC. The designer can choose the Gy, 1a and G, ja such

that the the implemented gain ratio K1 /K) equals K;/Ko.

B. Choosing the hysteresis levels

Across the pass-through region, hysteresis thresholds are
kept fixed at H,,;,, which can be evaluated from (6) for a
given choice of minimum switching frequency fg., min at the
pass-through region boundaries.

. 1 1
fsw,min = min { <T ) R (T > } 6)
b5t/ Vs, pt bek J Vier,pt

Here, Tbsl(H7 Vg,ref) = tA,bsl + tB,bst and Tbck(H7 ‘/g,ref) =
tB,bek + to,bek Tepresent the steady-state periods for boost and
buck operations, respectively. These periods are functions of
the hysteresis levels (/) and the input voltage reference (V; rcr)
(see Appendix).

C. Determination of Counter Thresholds

The counter thresholds t.; € [0,T,1] and t.o € [0, Tio] vary
with the reference voltage Vj (ot within the pass-through region
defined by boundaries Vgpspe and Vgpekp. The maximum
counter thresholds 7,; and T, are chosen to keep the duration
of state B duration continuous across these boundaries.

(D

T = tpockly, . .. Tez=tBostly , .

where the expressions for ¢ . and tp s are provided in the
Appendix.

Fig. 10: Effect of delays on o: (a) shows transitions without
delays, and (b) shows transitions with delays.

D. Limiting maximum switching frequency

Fig. 9 illustrates the variation of the switching rate across
the input voltage range. As seen in the plot, the switching
frequency is minimum around the pass-through region, and
tends to rapidly increase as soon as the converter enters buck
or boost mode of operation. Limiting the switching frequency
is usually desirable to reduce switching losses and maintain
efficiency. For this reason, a switching frequency limitation
mechanism is embedded in the proposed controller, which
dynamically adjusts the hysteresis band H to prevent the
switching rate from exceeding fqwmax = 200 kHz. This control
can be implemented using an ECAP module to measure
the clock cycles between consecutive rising edges of gate
signals q; or g3, providing real-time switching frequency
estimates. The hysteresis bandwidth H is then dynamically
adjusted based on the measured frequency fie,s relative to the
maximum frequency fgwmax, governed by periodic adjustments
as in (8).

min(H + AH; Hmax)a if fmeas > fsw,max
maX(H - AHa Hmin)a if fmeas < fsw,max (8)
H, otherwise

H =

where AH is the step adjustment for H, and Hp, and
Hax represent the minimum and maximum hysteresis values,
respectively. Hy,, is determined earlier in Section III-B on
selecting appropriate hysteresis levels, while Hy,.x is con-
strained by the reference voltage of the internal DACs within
the CMPSS sub-module.

As seen in Fig. 9, the switching frequency limitation kicks
in when the converter is deep into the buck or boost modes
of operation, effectively limiting fs,,. Near and inside the
pass-through region, on the other hand, the switching rate
is not constrained and is estimated using the expressions
reported in the Appendix. Fig. 9 compares the theoretically
expected f,,, variation with the simulated one, confirming the
effectiveness of both the switching rate limitation mechanisms,
and the good accuracy of the provided expressions, valid for
fSU} < fS’lU,TTL(L’L"

E. Effect of delays on the state durations

The design methodology is based on the knowledge of state
durations in boost and buck modes. In practical implementa-
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Fig. 11: Experimental results for input voltage sweep with input Thévenin source Vj ;, = 104V and R, ¢, = 4.5€ (set up for
Praz = 600W at V, = 52V), and fixed output voltage V, = 40'V.

tions, factors such as dead times, digital filtering, and propa-
gation delays cause the actual steady-state periods to deviate
from theoretical estimates. The magnitude of these deviations
depends on the specific constituent states within each mode
and the operating point. Fig. 10 illustrates the impact of delays
by comparing two scenarios: one with delays and one without.
During each comparison event, the extended state exceeds the
hysteresis level by Ao during t,4, requiring the return state
to compensate for the overshoot. Consequently, this results
in deviations in the switching period, which becomes more
pronounced when the extended state changes faster than the
return state. Adjustments to the initial design parameters are
therefore necessary to mitigate these effects. For reference,
Table I summarizes the finalized design parameters for the
case study discussed.

IV. EXPERIMENTAL RESULTS

The NIBB experimental prototype is shown in Fig. 11a, and
a list of main components used to implement the proposed
mixed-signal controller is reported in Table II.

In the following tests, the converter operates off a Thévenin
input source set for a maximum power of 600 W at V;, =52V,

TABLE II: Component Values for NIBB Converter

l Component [ Value
Input Capacitor (Cg) 20 uF
Inductor (L) 10 uH
Switching MOSFETs (Q1 to Q4) | FDPO83NI5A
Gate Driver 1EDB8275FXUMA1
Current Sense Amplifier INA241A4 (100V/V)
Voltage Sense Amplifier ADA4851-2Y
Instrumentation Amplifier INA849
Digital Potentiometer MAXS394LATA+
Control Platform TI F280049C
Switching Frequency 80-200 kHz
Power Ratings 600W max, 20-60V input

and with V, fixed at 40 V. An input voltage sweep between
20V and 60V is illustrated in Fig. 11c. The converter transi-
tions smoothly through the pass-through region — here defined
by a £5V window around V, — with a limited excursion
of the average inductor current. Throughout the sweep, the
converter switching frequency ranges between 80kHz and

339



Ji Ji

my 1 Mg ref my

(a) Boost Mode (b) Buck Mode

Fig. 12: Typical steady-state state plane trajectories.

200kHz. Fig. 11(d)—(f) present a sequence of three steady-
state operating points, illustrating how the g3 pulse shifts
from left to right as Vj; increases. This shift reflects changes
in t.; and t.o—the thresholds of counter-1 and counter-2,
respectively—that determine the duration of the two instances
of state B.

V. CONCLUSION

This work presents a mixed-signal sliding mode controller
for NIBB-based PV dc optimizers. The approach enables
seamless tracking of the input voltage reference throughout the
converter’s operating range. It provides an advanced modula-
tion in the pass-through region, which reduces the inductor and
switch current stresses. The controller is implemented around
a low-cost commercial DSP platform and uses mixed-signal
resources to get configurable parameters and minimal delay
from the sensing to output. Experimental results on a 600 W
NIBB converter operated as a dc optimizer are presented to
validate the proposed controller architecture.

APPENDIX A
THEORETICAL ESTIMATION OF STATE DURATIONS

The first step in calculating the state durations in the boost
and buck modes is to translate the sliding surface equation (2)
onto the normalized state plane (my vs jr),

g = Kl,norm(mg - Mg,ref) + K2,n0rm(,jL - JL,ref)7 9)
where Kl,norm = Kl%ase and K2,norm = KQIbase~

A. Boost Operation

Referring to Fig. 12(a), in boost operation, the converter
alternates between states A and B. The vertical distance
between the two switching instants on the state plane is given
by 2H /K3 norm. The durations of states A and B are derived
as shown in (10).

614 —1 <H/K2n0rm)
tapst = — =24/ LC,t ——=, 10a
A,bst =0 g tan M, et (10a)
_ 0 _ -1 H/KQ.,norm
B pst = T 2\/LC, tan ( TN (10b)

B. Buck Operation

In buck operation, as shown in Fig. 12(b), the converter
alternates between states B and C. The slope of the state C
trajectory is given by:

djr, 1

:7E:tan(7rf(b2).

11
dm, (1D
Using input-output power balance, it can be shown that the
reference inductor current is related to the photovoltaic current
by Jr ref = Jpv Mg rer. For My s > 1, the slope of the ideal
average inductor current trajectory becomes:

g Jr et — JPV

avg — 12
£ Mg,ref -1 ( )

= Jpy.

This implies that the state C trajectory is perpendicular to
the ideal average trajectory, j,, = Jpymg, shown as a line on
the state plane. Let ¢; denote the angle between the average
JL ref trajectory (line j,, = Jpymy) and the sliding surface
(defined by K norm and Ko nom). The angle ¢y is expressed
as:

K
1 =tan"! (— 1’norm) —tan" ' (Jpy ). (13)
2,norm
The perpendicular distance between the switching bound-
aries 0 = H and o0 = —H is defined as 2D, where:
H/K.
D _ / 2,norm (14)

2
K1 norm
1 + (K2,norm)
Assuming that the average trajectory (Mg rer, Jr rer) lies
on the state C trajectory, and noting that (J.; — Jr2) =

2D sec(¢1) sin(¢2), the durations of states B and C are given
in (15).

tBpek = 2¢/LC, tan™ " D sec(¢1)
\/(Mq,ref - 1)2 + (JL’ref - JPV)2
(15a)
topek = 2D+/LC, sec(¢y) sin(ez). (15b)

C. Pass-through Operation

For estimating the steady-state period in this mode, the
following simplifying assumptions are made: during the two
instances of state B, the change Ao = 0, and states A and C
exhibit constant do/dt,

2H
tA,pt = T
A

2H

Cpt = —, (16)
oc

where 64 and ¢¢ represent do/dt for states A and C,

respectively, evaluated at the equilibrium point (Mg rer, J7 ref)-

The durations of the two instances of state B are determined

by the counter thresholds ¢.; and t.o, as defined in (3).
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