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Efficient Digital Control for MPP Tracking and
Output Voltage Regulation of Partially Shaded PV
Modules in DC Bus and DC Microgrid Systems

Moustafa Adly

Abstract—The integration of photovoltaic (PV) modules into
dc microgrids relies on the capabilities of maximum power point
(MPP) tracking and output voltage regulation (OVR). Under par-
tial shading or mismatches between PV submodules, accurate
global MPP tracking and efficient OVR are challenging processes.
For global MPP tracking, the distributed MPP tracking is a poten-
tial solution but comes at the expense of increased system complex-
ity. For the OVR, operating the PV module in its current source
region would result in rather high power losses in the converter
circuit and, thus, in increased heat accumulation. The existence of
multiple current source regions in the mismatched PV character-
istics complicates the control design. The novel digital controller
for module integrated converters developed here supports the ef-
fective integration of mismatched and partially shaded PV mod-
ules while employing a minimal number of sensors. The proposed
double-stage global MPP tracking algorithm realizes fast and accu-
rate MPP tracking with neither periodic scanning nor oscillations
around the optimum. For the OVR, the algorithm targets the re-
duction of the converter power losses through effective allocation
of the PV operating point. A prototype of the control is realized as
a proof of concept.

Index Terms—DC microgrid, global maximum power point
(MPP) tracking, module integrated converter (MIC), output
voltage regulation (OVR), partial shading, photovoltaics (PVs).

1. INTRODUCTION

C microgrids have recently spread to numerous applica-
D tions [1], [2]. A variety of current structures are avail-
able for integrating photovoltaics (PVs) in such dc microgrids
[2]-[4]. Centralized, multi-string, string, module, and submod-
ule integration levels represent the main PV integration topolo-
gies [3], [5], [6]. Module-level integration via so-called module
integrated converters (MICs) is characterized by high power
efficiency, decentralized control, fault tolerance, and flexible
integration [6], [7]. These MICs are particularly suitable for
residential and low-voltage applications where size and cost are
important decision factors [7], [8].
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Maximum power point (MPP) tracking and output voltage
regulation (OVR) represent the two control modes of a MIC
[9]. Both control modes are influenced by the existence of mul-
tiple local maxima and one global MPP on the power—voltage
characteristics of the PV module [10]-[13]. The existence of
several local maxima is attributed to the mismatch between the
submodules due to fabrication tolerances, dust accumulation, or
partial shading [10]-[12], [14]. In this context, the efficacy of
both control modes relies on various factors. For the global MPP
tracking mode, on the one hand, the utilized number of sensors,
speed and accuracy of tracking, ease of implementation, and
cost are used for quality assessment [15]-[19]. On the other
hand, tight dc bus voltage control and balanced power sharing
between sources, as well as low converter power losses and the
corresponding reduced heat accumulation, are the indicators of
the quality of the OVR mode [9], [20]-[27].

In this paper, a novel digital controller for integrating PV mod-
ules into dc microgrid systems is developed. Compared with the
existing controllers [5], [7], [11], [12], [19], it is distinguished
in that the proposed controller is of a leaner structure with fewer
sensors. In [7], the number of sensors is greater than double the
number of submodules. However, for image processing of the
partial shading pattern, four sensors are utilized in [19]. At least
two sensors are used in [11], [13], and [14]. In this paper, only
one sensor is utilized for global MPP tracking. This results in
less measurement power loss and reduced size and cost. For the
MPP tracking mode, fast and accurate tracking is attained by the
precise determination of the perturbation and sampling times.
So far, these times have been considered in three main ways in
the scientific literature. At first, they were obtained from experi-
mental and simulation results [7], [14]. Second, arbitrary values
employing sufficient safety margins were utilized [11], [13].
Third, the number of tracking samples was used for analyzing
the speed of the MPP algorithm [18]. In this paper, a closed form
of the sampling time that takes the parasitics of the converter
elements into account is provided. This facilitates obtaining a
realistic estimation of the perturbation time. Furthermore, the
oscillations around the global MPP resulting from the tracking
algorithm or limit cycle oscillations are suppressed. This is im-
portant. Oscillation around the global MPP is a common issue
in most MPP tracking techniques [15], [19], [28]. Such oscil-
lations have shown to be the cause of power quality problems
[29].
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Fig. 1. Structure of the proposed PV module integration into dc microgrids.

The power losses in the converter circuit result in heat ac-
cumulation. The latter adversely influences the lifetime of the
converter elements [27]. Therefore, for less power losses of the
converter in the OVR mode, the PV module is operated in its
voltage source region [21], [22]. Under mismatch conditions,
multiple voltage source regions exist. Locating the PV operat-
ing point in the highest appropriate PV voltage source region is
a challenge addressed in this paper.

Following this introduction, the novel global MPP tracking
technique is presented in Section II. In Section III, the OVR
mode and its design are illustrated. The standalone and dc bus
system applications are discussed in Section IV. The test sys-
tem and parameter design for both control algorithms are in-
troduced in Section V. Experimental validation and prototyping
are discussed in Section VI. Finally, conclusions are drawn in
Section VIIL In the Appendix, the simulation results of mode
transition between global MPP tracking and OVR are presented.

II. GLOBAL MPP TRACKING

In this section, the novel global MPP tracking mode is de-
veloped. As a part of the PV system control, the global MPP
tracking controller is shown in Fig. 1. The influence of the de-
veloped algorithm on the system structure and required sensing
elements are discussed in Section II-A. Then, the concept and
parameters of the proposed global MPP tracking algorithm are
introduced in Section II-B. In Section II-C, the conditions for
resetting the global MPP tracking algorithm and mode tran-
sition are developed. The tracking accuracy is evaluated in
Section II-D.

A. Sensing Elements for Global MPP Tracking

In state-of-the-art tracking techniques, the solar irradiance
and converter input voltage and current are commonly mea-
sured for global MPP tracking of partially shaded PV modules
[10]-[12]. Therefore, sensors for irradiance, voltage, and current
are employed. The number of sensors impacts the measurement
losses, size and complexity, and cost of the MIC. In the case of
dc bus and microgrid systems where the dc voltage is tightly reg-
ulated, however, the number of sensors may be reduced. This is
because the maximization of the converter output current, then,
effectively results in harvesting the maximum PV power. Thus,
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Fig. 2. Parameters and performance of the double-stage global MPP tracking
algorithm.

a converter output current sensor is sufficient for global MPP
tracking. Furthermore, this one sensor is already to be installed
for the purpose of droop control in the OVR mode too, but sen-
sors for irradiance and converter input voltage and current are
omitted. As a result, the measurement losses are reduced.

B. Double-Stage Global MPP Tracking

For global MPP tracking, the characteristic of the converter
output current [, versus the PV voltage V; is important. This
characteristic is representative of the PV power P, versus the PV
voltage V; characteristic, assuming a constant dc bus voltage V,,,
and it is utilized for MPP tracking. Thus, irrespective of the PV
voltage V;, maximizing the converter output current [, results
in harvesting the maximum PV power since V, is approximated
as a constant. This assumption is justified in the dc microgrid.
Therefore, only the converter output current /, is measured,
while the need to measure the PV voltage V] is omitted.

The global MPP tracking algorithm consists of two stages, as
shown in Fig. 2, where tracking times 7T},, and T refer to the
primary and secondary stages, respectively. In the first stage,
the I,—V; characteristic is scanned. The pulsewidth modulation
(PWM) duty ratio D is varied from a minimum D,,;,, to a maxi-
mum Dy, .« in steps of AD; while recording the corresponding
converter output currents. After each step, the duty ratio is main-
tained for an interval 7} to allow for the output current to settle.
As a result of the first stage, the primary duty ratio D), cor-
responding to the maximum output current is known. Then, a
second global MPP tracking stage is activated.

The second stage serves to improve the tracking accuracy. The
vicinity of the obtained D,,, is scanned in duty ratio steps AD,
that are smaller than A D;. The scanning window in this case is
[Dyy — ADy + ADy, Dy, + ADy — AD,]. The optimal duty
ratio Dy, corresponding to the global maximum output current
is so determined. This marks the end of the tracking process,
and the PWM is further activated with D,,;.

The total tracking time Tj,, the optimal duty ratio D, and
the tracking error E are shown in Fig. 2. Thus, the parameters of
the global MPP tracking algorithm are 75, D5y, Dyax, AD1,
and AD,. These are determined as follows.
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1) Settling Time T;: Following a step change of the duty
ratio in the scanning process, the converter output current [,
changes and settles within the time interval 7. For accurate
global MPP tracking, the current I, is to be measured after
settling. Therefore, employing rather small values for 7 may
compromise the tracking accuracy. In contrast, the use of rel-
atively large safety margins in setting 7; increases the total
tracking time 73,. This observation motivates an accurate de-
termination of 7. For this purpose, the small-signal transfer
function i, (s)/d(s) relating the output current to the duty ratio
is utilized. For the small-signal modeling of the boost converter
[30], the continuous conduction mode is assumed, as can be
ensured through the choice of the converter inductance L and
the switching frequency fs,, depending on the irradiance [6].
The small-signal transfer function is given by [30]

Vf;‘-(lfD)Z*TSL
(Co-re, -s+1) (s - ’L>

iols) _ . "

d(s) 2 4+2-C wy-s+w?
with
_1,
A=
(1—D)~CO'<%’+TCO>
C, - {rsy(‘I/—:+rco>+(lfD)2~‘I/—:'rcﬂ} + L
C'Wn:
2-L-Co-(%+rco)
2 TSL+(1—D)2"IL:

L'Co'(‘[%"i'rco)

where D is the steady-state duty ratio, rgr, is the equivalent
parasitic resistance of the inductor and switching elements, C,
is the output capacitance, rc, is the equivalent series resistance
of the output capacitor, V,, is the steady-state output voltage,
and I, is the steady-state output current. The settling time 7, =
4/(C - wy) [31] is, thus, given by

8-L-CO~<%°+TCU)

z;:
Cs - [T- (‘I/—;‘Jrrc())Jr(lfD)Q-}/—:-rco} +L

)

Accounting for the various values of D and I, and the compo-
nents’ tolerances, the maximum 7§ from (2) is retained.

2) Minimum Duty Ratio D,,;,: The duty ratio D of the
boost converter with input voltage Vi and dc bus voltage V; is
given by

Vi

D=1 v 3)
Since the dc bus voltage is nearly constant, the minimum duty
ratio corresponds, then, to the maximum input voltage. For a
minimal scanning window and, thus, less tracking time, the
maximum input voltage is set equal to the voltage of the one
power peak that has the highest PV module output voltage. The
latter is determined as follows. For a PV module composed of
n submodules with an open-circuit voltage V,,. /n for each sub-
module, the maximum possible number of power peaks on the
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module power—voltage characteristic is equal to n [10]. Further-
more, the voltage Vyrpp; of the power peak number 7 [15] is
approximated as follows:

VArppi = %, 1<i<n. 4
However, in [13], [28] and [32], a small voltage shift of Vyipp;
for the power peaks given by (4) was determined. Therefore, in
order not to skip the power peak of voltage Virpp,, the max-
imum input voltage employed in (3) for determining D.,;, is
considered as V; = V.. Furthermore, the maximum V. corre-
sponding to the minimum operating temperature is employed.
Thus, for analog control, D,y analog 18 given by

%4
Dmin.analog =1- ﬁncin (5)

where Vi, iy 1s the minimum value of the dc bus voltage. How-
ever, for digital control, the value of D,,;, is chosen as an integer
multiple of the minimum duty ratio step A D,,;,, of the employed
digital control chip to avoid limit cycle oscillation. For this pur-
pose, the floor function is utilized to obtain the minimum duty
ratio employed in the digital control chip as follows:

1- V:)c/vz)min

-Dmin =
{ Al)min

J . A-Dmin (6)
where |z | is the largest integer that is less than or equal to .
3) Maximum Duty Ratio Dy,,,: The maximum duty ratio
Dy, ax corresponds to the minimum scanned input voltage in (3).
The latter represents the voltage Vyipp1 of the first power peak
obtained from (4) as Vyrpp1 = 0.8 - V,,./n. Thus, substituting
the right-hand side of Vjpp; into (3) yields
0.8 Ve
Dmax analo =1-—— 7
' los n- ‘/omax ( )
where Vi, ax 1S the maximum value of the dc bus voltage V. For
the digital control chip, the maximum duty ratio is determined
using the ceil function as follows:

’71 —0.8- %(x,/(n . V:)max)

Dmax =
Al)min

-‘ . Al)min (8)

where [2] is the smallest integer that is greater than or equal
to x.

For a PV module comprising three submodules, a represen-
tative power versus voltage characteristic under mismatch is
shown in Fig. 3. The trajectories of Dy, and Dy, ., the global
MPP scanning domain, and the local and global MPPs are de-
picted.

4) Secondary Duty Ratio Step AD,: The selection of the
duty ratio step A D, applied in the second tracking stage affects
the accuracy of tracking the global MPP. Smaller values result
in more accurate tracking. However, too small a value of AD,
may result in a change of I, that is undetectable by the analog
to digital converter (ADC) of the control chip. Therefore, the
change of D that results in the minimum detectable change of
1, is to be determined. Thus, the small-signal transfer function
io(s)/d(s) of (1) is utilized. A step change of magnitude k; in
the duty ratio d(s) = k;/s results in a change of the converter
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output current Al,. From the final-value theorem, the steady-
state value of Al, is calculated using the small-signal transfer
function 4, (s)/d(s) as follows:

IAL| = k; fo(s)| ©)

lim s -
s—0

The value of | A, | must be greater than the minimum detectable
current change A, i, . The latter is determined as follows. For
an ADC with maximum voltage Vypc and Nypc bits for the
analog-to-digital conversion process, Al i, is given by

Vapc

AIomin = G- INanc
; ADC

(10)

where Gj is the converter output current sensing gain. The mini-
mum value of the magnitude k; = k;,,;,, s obtained by equating
(9) to (10) as follows:

%
kimin = . ADC i (s) | (11)
Gi - 2Nave . lim, LU(S))
The employed A D; is, then, set to
ADZ = Mmin * ADmin (12)

where muyin = [Kkimin /A Dmin |- Thus, employing an ADC with
larger Napc reduces ki, and, hence, AD,. As a result, the
integer my,iy, is reduced for precise global MPP tracking.

5) Primary Duty Ratio Step AD;: The duty ratio step
AD; of the first tracking stage influences the speed and
accuracy of tracking the global MPP. Larger values reduce the
number of tracking cycles and, thus, the tracking time. However,
this may result in skipping the scanning of any of the power
peaks. Therefore, two conditions for setting AD; are derived
as follows. Through the first condition, the A D; that minimizes
the tracking time 7}, is obtained. The latter is given by

Tie = Ty + Te (13)
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with
Dmax - Dmin
Ty = (ADl + 1) T
2-AD; —2-ADy
Tse = 1) Ts
( AD, ’ >

where T},, and T, are the scanning time intervals of the primary
and secondary stages, respectively. For fixed Dy, Dinax, and
ADs, the expression of Ti, is differentiated with respect to
AD; and equated to zero in order to find the optimal 7},. The
minimum tracking time 7}, is so obtained for

ADI — \/; . AD? . (Dmax - Dmin)- (14)

In the second condition, the maximum employed AD; to
avoid skipping the detection of any of the power peaks in the
scanning process is determined. For this purpose, the minimum
voltage difference between two adjacent peaks on the I, versus
Vi characteristic of the PV module is considered. From (4),
the voltage difference between two adjacent peaks Vyrpp; and
Vatpp i+ 1) is equal to 0.8 Vi /n. The variation of D that results
in this PV voltage variation represents the upper limit of ADy
and is determined as follows. From (3), the rate of change of
the duty ratio with respect to the PV module voltage is obtained
from

dD -1

avi v,
assuming negligible variation of the dc bus voltage V,,. Ac-
cording to (3), a AD > 0 reduces V;. Approximating in (15)

AD =dD and AV, = dV] gives

15)

~AV,
AD = ——.
Vo

Replacing — AV} of (16) by the voltage difference between two
adjacent power peaks results in the upper limit A Dy, of the
primary duty ratio step AD; as follows:

0.8 V.
n-Vy,

To satisfy the two mentioned conditions, AD; is chosen as

AD, - Dmax - Dmin 0.8 - V:)c
A-Dl,anadog = min {\/ 2 ( )

(16)

ADlmax = (17)

2 -V,

The employed A D, is, then, set to
ADl = lmin . ADmin
where lmin = I_ADl,analog /ADminJ .

C. Resetting and Mode Transition

1) Resetting Global MPP Tracking Algorithm: Variations of
the irradiance or of the shading pattern influence the converter
output power and, accordingly, its output current /,. Hence,
for detecting such variations, I, is continuously measured upon
employing D,,¢. The magnitude of current difference 6./, be-
tween the successive measurements is recorded. Having 41,
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greater than a critical practical limit §/,,., indicates a consider-
able change of the irradiance or shading pattern. As a result, the
global MPP tracking algorithm is reset, and a new tracking pro-
cess takes place. In this manner, the need for periodic scanning
of the PV power versus voltage characteristics is overcome.

2) Mode Transition to OVR: Upon determining D
through the second global MPP tracking stage, the converter
output voltage V, is sensed continuously. A transition to the
OVR mode is to take place when the sensed V, exceeds its upper
boundary. This upper boundary is V. + AV, where V¢ and
AV, are the nominal dc bus voltage and its maximum allowed
deviation considering droop effects, respectively. A violation of
this boundary is an indicator of having a higher power gener-
ation than consumption over a certain time interval. Thus, the
PV power is reduced by switching to the OVR mode.

D. Tracking Accuracy

The tracking error I depicted in Fig. 2 is a measure of the
tracking accuracy. This error represents the voltage difference
between the true PV voltage Voypp giving maximum power
and the actually tracked PV voltage. This error is at its maximum
when the voltage of the global MPP lies in the middle of two
voltage levels separated by a duty ratio perturbation of ADs.
Therefore, the maximum absolute value of E is given by

A
Emax = ﬂ
2

where AV is the PV module voltage variation corresponding
to a duty ratio change of ADs. Inserting (16) into (20) with
AV, = AV and AD = AD», E,) . is given by

(20)

ADsl| -V,
Epax = M (21)
2
With the insertion of (12), we obtain
min ° Al)min :
Enlax = o 2 ‘/O . (22)

For a digital control chip with Npyy 1 bits for the PWM module,
ADyi, is equal to 1/ 2Newn | Thus, the absolute maximum
tracking error is given by

Myin * V:)

Bmax = ONpwu +1°

(23)

From Section II-B4, F,, .« is reduced by employing an ADC
with a larger Napc.

III. OUTPUT VOLTAGE REGULATION

As an alternate PV integration control mode, the OVR and
the novel developed algorithm are presented in the following.
In addition, the mode transition conditions are investigated.

A. OVR Algorithm

The load power in dc bus and dc microgrid systems is de-
termined from the bus voltage and the total equivalent load
resistance. At a given load resistance, supplying the dc bus at
the level of the consumed load power keeps the dc bus volt-
age unchanged. Thus, at a given load power, power generation
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Fig. 4. Current source (red) and voltage source (blue) regions of partially

shaded PV module and different operating points at different PV power levels.

higher than consumption results in an increasing dc bus voltage
and vice versa. For such power balancing, therefore, specific
amounts of the PV power are to be provided by the MIC.

Under uniform irradiance, the characteristic of the PV power
P; versus the PV voltage V; always gives two operating points
that deliver the same PV power. These P, versus V; charac-
teristics and their corresponding PV current versus PV voltage
characteristics are divided into current source, maximum power,
and voltage source regions [21], [22]. Thus, for a specific PV
power, one of the two PV operating points is in the current
source region, and the other one is in the voltage source region.
Relative to operation in the voltage source region, the operation
in the current source region results in a larger PV current and a
higher power loss in the converter [6]. This higher power loss
reduces the lifetime of the converter elements [27].

Under partial shading, multiple voltage and current source
regions exist, as shown in Fig. 4. For a lower PV current and
lower power losses in the converter circuit, points By, By, and
B3 in the figure are undesirable; point B, is preferred instead.
Thus, in Fig. 4, a certain PV power P, is obtained by operating
the PV module at a voltage Vj;, Via, Vi3, or Vis. Although point
By represents operation in a voltage source region, point By is
yet better due to its lower current. Thus, in general, for a set of
m PV voltages {Vi1, Via, ..., Vi, } that produce the same PV
power P,, it is aimed to operate the PV module at the voltage
V4 such that

Vi= maX{Vil7Vi27~-~a‘/im} :

P(Vij)=P, ¥V je{l,2,...,m} (24)

where P, represents the PV power to maintain the power balance
sufficient for keeping the dc bus voltage V,, unchanged.

Following the approach taken for the global MPP tracking
algorithm, a scanning process is also adopted in the OVR algo-
rithm. The P, versus V; characteristic is scanned by varying the
PWM duty ratio. In the following, the scanning process and the
block diagram representation of the control shown in Fig. 5 are
presented.

The scanning process starts at a minimum duty ratio Dj,; that
corresponds to the module open-circuit voltage V,,., as shown
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Fig. 5. Block diagram of the developed OVR control algorithm.

in Fig. 4. This value represents the initial condition of the accu-
mulator shown in Fig. 5.

The value of D;,; is employed in the PWM for a time in-
terval 7 to allow for the converter output voltage settling. The
resulting converter output voltage V, is compared with Vjes to
determine the bus voltage error. For uniform power sharing,
droop control is employed for determining Vj.s, as shown in
Fig. 5. This error is, then, scaled and quantized in steps of AD,.
Having rather large quantizer outputs may speed up reaching the
desired bus voltage. However, this may result in moving the PV
operating point to a current source region when a local power
peak is approached. Therefore, the quantizer output is fed to a
limiter to put a bound on the magnitude of the duty ratio change.
The limiter output is, then, accumulated and employed in the
PWM for an interval 7. The scanning process is maintained
by repeating the loop until V,, reaches the desired level or D
exceeds its maximum D, 4. The value of D.,q represents the
end of the scanning window and is chosen to avoid damaging
the converter switches.

At the steady state, the accumulator is reset to D;,; in two
cases. The first case is activated when the bus voltage error
exceeds its allowed tolerance. The second case applies when
operation in a current source region is detected upon settling.
For detection of the latter case, the slope AP, /AV; is examined
by the controller. Since AV; and A D are related by (16), the PV
operating point is in the current source region if AP;/AD < 0.
The developed OVR algorithm parameters are 7y, Dji,;, and
AD,. They are determined in the following.

1) Settling Time T;: For the OVR algorithm, Ty represents
the settling time of the converter output voltage following a
step change of the duty ratio. In dc applications with pure resis-
tive loads, the converter output voltage and current have almost
similar dynamics [17], [30]. Therefore, 7 obtained from (2) is
sufficient for the converter output voltage settling and is, there-
fore, utilized in the OVR algorithm.

2) Initial Duty Ratio D;y;: It represents the starting point of
the scanning window. This is obtained by inserting the maximum
PV voltage and the minimum dc bus voltage in (3). The open-
circuit voltage V,,. represents the maximum PV input voltage.
The minimum dc bus voltage is estimated from the allowed
deviations of the bus voltage. In dc microgrids, tolerances of up
to 10 % in the dc bus voltage are given [9]. For the worst-case
analysis while starting the OVR, it has been assumed that the dc
bus voltage is around 80 % of its rated values. Therefore, and
due to the unregulated bus voltage during the transition to the
OVR mode, it was found that D;,; can be computed using

V

Dy <1—-1.25. —.

25
‘/;)nlin ( )
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The scaling factor of 1.25 represents a safety margin in order
that the scanning starts from an output voltage below V,,.. The
value of Djy,; has to be an integer multiple of AD,,;, to avoid
limit cycle oscillation.

3) OVR Duty Ratio Step AD,: The minimum duty ratio step
AD, is the duty ratio step that results in the minimum converter
output voltage change detectable by the ADC. For computing
its value, the converter output voltage to duty ratio small-signal
transfer function v, (s)/d(s) is utilized. A procedure similar
to the one used for determining AD5 in Section II-B4 using
(9) and (10) is followed. Thus, similarly, for an output voltage
sensing gain Gy, the magnitude k, of the duty ratio step change
representing the minimum A D), is determined from

B . ve(s)| G -2Navc
kSt = |lim — . (26)
5—0 d(s) VADC
The employed A D, is, then, set to
ADO - hmin ‘ Al)min (27)

where hyin = |kv/ADmin |-

B. Mode Transition to Global MPP Tracking

In the developed OVR algorithm, a transition to global MPP
tracking occurs when the dc bus voltage V;, falls below its min-
imum boundary V. — AV, and the OVR algorithm fails to
restore it. The value of AV, represents the absolute maximum
allowed tolerance of the dc bus voltage. Failure to restore the
dc bus voltage is detected by having a duty ratio equal to Dg,q,
while having V;, below its minimum allowed limit. The global
MPP tracking mode is, then, activated. A flowchart representa-
tion of both control algorithms is shown in Fig. 6.

IV. STANDALONE AND DC BUS SYSTEM APPLICATIONS

In standalone applications that employ energy storage el-
ements as backup, the converter output voltage may also be
controlled by the energy storage elements, similar to dc micro-
grid applications. In such a situation, the proposed global MPP
tracking algorithm is still valid without modification. Nonethe-
less, for standalone applications without energy storage, the
converter output voltage is not given. Therefore, the converter
output voltage and current have to be measured for accurate
tracking. Accordingly, the global MPP tracking algorithm pa-
rameters have to be adapted.

Without regulated converter output voltage, the boundaries of
the global MPP tracking process are similar to those of the OVR.
Therefore, for global MPP tracking, the initial duty ratio Dj,;
obtained in Section IIl is employed as D,y i, . Similarly, the max-
imum duty ratio D4 obtained in Section 1l is utilized as Dy, ax -
The secondary duty ratio step A D5 is determined from the min-
imum detectable converter output power change by the ADC
in a procedure similar to the one presented in Section II-B4.
The primary duty step AD; is computed to minimize the track-
ing time as in (14).

The developed OVR algorithm is valid for the standalone ap-
plications with the same parameters, as designed in Section III.
To sum up, the developed control algorithms are applicable for
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Fig. 6. Flowchart representation of both control algorithms.

standalone applications, following some adaptation of the pa-
rameters of the global MPP tracking algorithm.

For the case of PV strings, the proposed global MPP tech-
nique is also applicable with some adaptation. This is attributed
to the analogy of treating the connection of submodules within
the PV module in the same way as considering the connection
of modules within the PV string. The main parameters to be
adapted are the number of submodules n and the open-circuit
voltage V,.. They are to be replaced by the number of mod-
ules in the PV string and the open-circuit voltage of the whole
string, respectively. In the same context, the MIC parameters
are replaced by the parameters of the string converter.

V. PARAMETER DESIGN

For evaluating the developed control algorithms, the test sys-
tem and control parameters are designed in this section.

A. Test System

A suitable setup is given by a PV module that is integrated
into a dc microgrid through an interfacing converter. The PV
module has a V. = 44.8 V, a short-circuit current I,. = 5.5 A,
and n = 3 submodules. The module is integrated through a boost
converter into a low-voltage dc microgrid. The latter consists of
a distributed energy resource (DER), a load, and a dc bus. The
dc bus voltage is regulated by the DER such that the nominal bus
voltage V/, is 120 V with an absolute tolerance of 6 V. With input
and output ratings suitable for the PV module and dc microgrid,
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respectively, an interfacing boost converter was designed. The
designed specifications are: Output capacitance C, of 2200 uF
with an ¢, of 150 mS2, an inductance L of 0.5 mH with an ry,
of 85 m{2, a MOSFET with an ON-resistance rpg of 7.5 m{2, and
a diode with an ¢ of 61 mf).

B. Control Parameters

The control parameters of the global MPP tracking followed
by the OVR algorithms are calculated. For this purpose, the
procedures of Sections II-B and III-A are followed.

The settling time T} is determined from (2) and is set to
50 ms. With its sufficient capabilities, the digital control chip
PIC16F877A was chosen for implementing the control algo-
rithms. The chip has Npwyr = 8 bits for the PWM module and
Napc = 10 bits for the ADC. Thus, the minimum duty ratio
step of the digital control chip ADy,;, = 1/ 2Nrwa g about
0.004. From (6), the minimum duty ratio D,,;,, is calculated and
adjusted to 0.604. Using (8) and the PV module parameters, a
value of 0.908 is assigned to Dy, ,x. For Vapc =5 V and a
current sensing gain GG; = 3, the minimum detectable current
change Al i, from (10) is equal to 1.63 mA. Thus, using (9),
we obtain k; = 0.011. Then, from (12), AD, is found to be
equal to 0.012. From (19), AD; = 0.036, which is less than the
upper limit obtained from (17).

From Section II-C1, 81, is defined for resetting the global
MPP tracking algorithm. Rather small values of d1,., may re-
sult in a faulty transition to the OVR mode. In contrast, rather
large values of ¢/, reduce the sensitivity of the algorithm to
irradiance changes. Therefore, d/,., is set equal to 5 % of the
steady-state value of I,. Thus, upon detecting a variation of
above 5 % in the steady-state output current, the global MPP
tracking algorithm is reset.

For the OVR, D;,; is found to be equal to 0.42 using (25). A
practical value of 0.95 is assigned to D, 4. From (26) and for a
G, of 1/30, k, = 0.007. Therefore, AD, is found to be equal
to 0.008.

VI. PROTOTYPING AND VALIDATION

The performance of the developed control algorithms is sub-
stantiated by physical implementation and testing as follows.
At first, the experimental setup is presented. Second, the tests
performed for the control algorithms are discussed.

A. Test Setup

The setup consists of three main elements. These are the solar
array simulator, the dc microgrid, and the interfacing converter,
as shown in Fig. 7. In the following, the three elements are
described.

1) PV Source: A solar array simulator was adopted in the
experimental tests for emulating the performance and charac-
teristics of the PV module. As an alternative, a physical PV
module can be utilized. However, the solar array simulator fa-
cilitates analyzing several different operating conditions that are
independent of local weather conditions and can be reproduced.
Therefore, the solar array simulator Agilent E4361A was used.



6316

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

; DC bus (120 V)
‘ Solar array simulator MIC
(Agilent E4361A) Electronic load
DC power source | o - (resistive mode)
as DER OVR mode
N V.
Fig. 7. System configuration of the experimental test setup.
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Employed MIC and its digital control chip.

Its table mode with the minimum voltage step of 12 mV was
utilized.

2) DC Microgrid and Loads: A dc microgrid for laboratory
tests with a dc bus voltage of 120 V was utilized [6], [33]. The
MIC is integrated into the dc microgrid as shown in Fig. 1. A
DER modeled by a dc power source was employed for regu-
lating the dc bus voltage when the PV module is operated in
the global MPP tracking mode. The dc power source was ad-
justed to emulate the characteristics of a DER. An electronic
load operated in its resistive mode with a variable resistance
was connected to the dc bus to represent the variable loading of
the dc microgrid.

3) Module Integrated Converter: A prototype of the em-
ployed MIC was developed for experimental testing, as shown
in Fig. 8. The digital control chip PIC16F877A of the MIC was
programmed with the developed control algorithms.

B. Experimental Tests

The main performance indicators of the global MPP tracking
algorithm are the tracking efficiency, tracking speed, and output
oscillations at steady state. These are evaluated under various
partial shading patterns, as presented later in this section. For the
OVR, the ability to locate the PV operating point at the highest
suitable PV voltage for reducing converter power losses and
the performance of the dc bus voltage regulation represent the
evaluation factors. The performance indicators are investigated
in the following through a series of dedicated tests. The mode
transition between global MPP tracking and OVR is investigated

Case I Case II Case 111
140 140 140
120 120 120
100 100 100
3
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Z
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Fig. 9. Power versus voltage characteristics of the three partial shading cases.
Tek Stop I 1 ]
Converter output current /o |
MIC starts
Steady state \Steady state
DC bus voltage Vo
N
2 [ [ ¥
[ rvaid
Startup with \
D at Dmin / Change toGjqha1 MPP
Second stage Case IT tracking reset
1 D First stage
— I 40 V—-Ch. 1
1Sec. y03A_Ch?2
Fig. 10.  Global MPP tracking mode waveforms of V,, and I, under shading

patterns of Cases I and II (Ch. 1: 40 V/div, Ch. 2: 0.3 A/div; 1 s/div).

in the Appendix. Three cases of partial shading are utilized.
The PV power versus the PV voltage characteristics of the PV
module for these three cases are depicted in Fig. 9. The three
patterns feature various numbers of power peaks. The employed
test sequences and the corresponding outcomes are as follows.

1) Global MPP Tracking: For evaluating the dynamic and
static performances of the developed global MPP tracking al-
gorithm, the tracking efficiency, tracking speed, and output os-
cillations at steady state are analyzed. For this purpose, the
following events are considered while keeping the dc bus volt-
age continuously regulated by the DER. At first, the shading
pattern of Case I with three power peaks is employed in the
solar array simulator. This shading pattern is, then, changed to
Case II with only two power peaks. This sequence is to test the
performance under various shading conditions and power ver-
sus voltage characteristics. The corresponding dc bus voltage
V, and the converter output current /,, are measured over time.
The results are plotted in Fig. 10. As seen in the plot, the dc
bus voltage is kept at 120 V by the DER. It is seen that the
MIC is initially inactive with zero output current, and then, the
minimum duty ratio is intentionally utilized for a start-up time
interval. The measured tracking efficiency, tracking speed, and
output oscillations are investigated hereafter.

Tracking efficiency: From Fig. 10 and following the start-up
interval, the control algorithm performs the two scanning stages.
This is seen through the variations of I, over time until the peak
1, is reached. Upon detecting a magnitude change of I, greater
than 61,.,, the algorithm is reset, and a new tracking cycle
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is performed. This is seen from the variation of I, when the
shading pattern is changed to Case II. For the employed shading
patterns of Cases I and II, tracking efficiencies of 99.72 %
and 99.82 % were reported by the Agilent E4361A display,
respectively. Thus, the results show the high tracking efficiency
of the developed global MPP tracking algorithm.

Tracking speed: The time needed to reach the steady state for
the two analyzed shading patterns is computed to evaluate the
tracking speed. From Fig. 10, scanning intervals of about 0.75 s
were measured for the two employed patterns.

Output oscillations: Upon detection of the global peak output
current, the control algorithm employs the corresponding duty
ratio without any further variations. As a result, the converter
output current /, settles at its maximum without any oscillations.
This represents the steady-state operation. Thus, the developed
global MPP tracking algorithms fulfills the targets of efficient
integration of partially shaded PV modules.

2) OVR: Reducing the power losses in the converter circuit
and efficient regulation of the dc bus voltage represent the design
targets of the developed OVR algorithm. For the purpose of
evaluation, the following test sequence is used over time while
employing the shading pattern of Case III in the solar array
simulator. At the start, the dc bus voltage is kept regulated
by the DER. Second, the DER is deactivated leading to a bus
voltage drop, and the MIC is to start regulating the dc bus
voltage. Third, the load power is decreased to test the dynamic
performance at such a disturbance. In order to assess the bus
voltage regulation, the dc bus voltage V,, is measured over time
under the aforementioned events. For evaluating the ability to
find PV operating points at rather high voltages for a given
load, the PV operating points are analyzed. The outcomes are
presented in the following.

Effectiveness of regulation: The waveforms of V; and V, are
depicted in Fig. 11. Initially, the dc bus voltage V;, is at its ref-
erence value of 120 V, thanks to the regulation of the DER.
Following the disconnection of the DER, the accumulator is re-
set, and a new scanning cycle is performed. As an outcome, the
bus voltage is restored to its reference value. Upon decreasing
the load power, the bus voltage exceeds its upper limit. There-
fore, the accumulator is reset once again, and a new scanning
cycle is executed to restore the dc bus voltage. Following each
disturbance, the time taken to restore the bus voltage is about
0.6s.

Reduction of converter power losses: The OVR algorithm is
further evaluated by verifying the operation region of the PV
module and the corresponding power conversion loss of the
MIC. For this purpose, the PV voltage V; and the operating
points on the power versus voltage characteristics are depicted
inFig. 11. Due to the regulation of the dc bus voltage by the DER
prior to its disconnection, the dc bus voltage is kept unchanged
after activating the MIC. Therefore, the OVR algorithm operates
the PV module at its highest voltage represented by point A on
the power versus voltage characteristics. In this case, the load
power is supplied by the DER. Upon disconnecting the DER, the
dc bus voltage is regulated by the MIC, and the PV operation is
moved to point B in order to supply a 95-W load. Following the
reduction of the load power to around 65 W, the PV operating
point moves to C. At that moment, the bus voltage exceeds its
upper limit, and thus, the accumulator is reset to D;,; to execute
a new scanning cycle. Then, the dc bus voltage is restored, and
the PV operating point is moved to D. From the PV operating
points, it is seen that the PV module is operated at its highest
possible voltage.

C. Comparative Performance Analysis

The performance of the developed algorithms is compared
with the performance of existing techniques as follows.

1) Global MPP Tracking: The developed global MPP track-
ing algorithm is evaluated with regard to the tracking efficiency,
tracking speed, output oscillations at steady state, and the num-
ber of utilized sensors. The results of the comparison are given
in Table I. For the techniques presented in [7], [11], [13], [18],
and [19], faster global MPP tracking speeds were measured.
In terms of the tracking efficiency, output oscillations, and the
number of utilized sensors, however, a superior performance is
observed.

2) OVR: The performance of the developed OVR algorithm
is evaluated by two indicators. These are the bus voltage reg-
ulation and the power losses in the converter circuit. In the
following, a comparison between the developed algorithm and
the existing ones is performed.

With regard to the first indicator, the developed as well as
the techniques presented in [20]-[23], [25], and [26] are char-
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acterized by a fast and accurate regulation of the dc bus voltage
after disturbances. In a detailed comparison, the developed tech-
nique enables a highly damped regulation of the dc bus voltage
at the expense of a relatively slower settling. Settling times of
around 0.48 s were reported in [26], while a settling time of
0.6 s was measured for the developed OVR algorithm. It is to be
noted here that the settling time is influenced by the converter
elements, as given by (2).

For the second indicator, the PV module is operated at
its highest suitable voltage, thanks to the developed OVR
algorithm, as seen in Fig. 11. As a result, reduced converter
power losses are attained. Through numerous simulations, it
was found that the developed OVR algorithm results in around
45 % less converter power losses relative to the power losses ob-
tained with proportional integral controllers [20], [21], [23]. Itis
to be mentioned that the reduction of the converter power losses
within the OVR has not been addressed in the scientific liter-
ature. To sum up, the developed OVR algorithm complements
the high performance of the global MPP tracking algorithm for
efficient integration of the PV modules.

VII. CONCLUSION

A novel methodology for integrated global MPP tracking and
OVR control for partially shaded PV modules was developed,
implemented, and its performance compared and tested. With
its coarse and fine searching stages, the novel global MPP track-
ing algorithm achieves experimental tracking efficiencies above
99.72 % within 0.75 s of searching. Meanwhile, the algorithm
suppresses any oscillations around the global MPP by the con-
tinuous employment of precise duty ratio steps. In addition, the
need for periodic scanning of the power versus voltage char-
acteristics for accurate global MPP tracking is avoided, thanks
to the novel automated resetting condition, thus facilitating re-
duced energy losses. The novel global MPP tracking algorithm
facilitates reducing the number of employed sensors and the cor-
responding size, cost, and measurement losses. For the alternate
control mode, the developed OVR algorithm allocates the PV
operating point in the highest appropriate voltage source region
on the PV power versus voltage characteristic. In this manner, it
reduces the flowing PV current in the converter circuit to reduce
the electric power losses in the circuit elements. As a result,
the heat accumulation in the converter circuit is reduced and
the corresponding elements’ lifetime expectation is enhanced.
Thanks to the proposed scanning procedure, the algorithm reg-
ulates the dc bus voltage while balancing the power sharing
between sources. Simulation and experimental tests as well as
a comparative analysis with known existing techniques confirm
the convincing overall performance of the control algorithms.
This makes the design a compelling solution for the effective
integration of PV modules in residential and low-voltage dc
microgrids.

APPENDIX
MODE TRANSITIONS

The effectiveness of the developed mode transition conditions
is examined through the following simulation. The simulation
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involves mode transitions by varying the bus voltage and load
power over a simulation time interval of 8 s. The global MPP
tracking is initially active with the PV module subjected to
the shading pattern of Case I. At time 2 s of simulation, the
load power is reduced so that the bus voltage exceeds its upper
boundary. As a result, a transition from the initial global MPP
tracking to the OVR mode is to take place. At that moment,
the DER is disconnected from the dc bus, and the PV modules
start regulating the dc bus voltage. Then, at time 4 s, a major
load power increase takes place. Thus, the load power gets
significantly higher than the supplied PV power. As a result
of falling dc bus voltage due to the lack of PV power in the
OVR mode, the global MPP tracking mode is to be activated
automatically.

The waveforms of D and V,, corresponding to the simulation
time series are depicted in Fig. 12. From the figure and as ex-
pected, the transition from global MPP tracking to OVR takes
place at 2 s of simulation. This shows the accuracy of the de-
veloped mode transition conditions. Moreover, during the time
interval from 4 to 5.1 s shown in Fig. 12, the waveform of D
shows the proportionality of the variation of D to the dc bus volt-
age error. It is also to be noted that the unregulated dc bus voltage
affects the accuracy of the global MPP tracking when the latter
resumes in the time interval starting from 5.1 s. However, the
global MPP tracking algorithm has been capable of minimizing
the bus voltage error through tracking the maximum available
PV power. In conclusion, the performance of both control algo-
rithms with mode transitions fulfill the objectives of smart PV
system integration.
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