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1. INTRODUCTION

In today’s power system, renewable power generating resources (RPGRs) are important to meet the
variable power demand of ac-natured load (AL). Hybridized RPGRs along with energy-storing device(s) by
formulating a micro-grid [1] result in flexible, reliable, and cost-effective power that can cope with the load
demand [2], [3]. Further, optimal allocation of available RPGRs [4] is desirable in such a system that involves
challenges at the integration, allocation, and control levels. This challenge further attains complexity if the net-
work involves RPGR(s) considering the natural intermittent behavior of the latter. This intermittent behavior
further gets reflected in the generating voltages of the RPGRs. Moreover, in a power network, voltage across
the RPGRs, energy-storing device(s), and AL may not always be similar. Power electronic interfacing arrange-
ments like dc/dc converters find appropriateness in this regard. Multiple input and output-based multi-port
dc/dc converter (MPDDC) possesses several advantages over the single input and output-led dc/dc converter
[3], [5] and references there in. However, many of the investigations on the MPDDC mainly concentrated on
topological, utilized devices, efficacy, and operating conditions aspects.

Whereas, controlling [6] systems having the RPGRs and power conversion device(s) is a challenging
task because of the inherent non-linearity of the two. This control further attains complexity due to the uncer-
tain nature of the RPGRs and unavailability of the complete state vector. Thus, state-based control techniques
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become practically inapplicable due to this unavailability. Hence, the output of the system has to be utilized
to realize the control action. The main drawback of the output feedback is that it cannot realize any arbitrary
control law. An observer [7]-[9] overcomes this drawback by estimating the unknown states of systems but
enhances the dimension of the latter and is uneconomic. Well known controllers like proportional integral
[10)/proportional integral derivative [11], [12] also don’t find appropriateness to control the multiple input and
output systems. This necessitates exploring suitable control technique(s) for such systems. Model prediction-
led control (MPC) [13]-[18] has widely been employed in industries, as well as RPGRs-converter systems due
to the possibility of control action modification at the intermediate level(s), online optimization, systematic
method to assign specific weights to control inputs, simpler implementation, and capability to deal with mul-
tiple variables, constraints, and non-linearity [19]-[21]. Digital computing devices and interfacing hardware,
lesser board-space requirement, supportive price (due to single-chip integrated multiple control functioning),
and programming facility have popularized the digitalized control [22] of dc/dc converters. Hence, the im-
plementation of the MPC schemes in their digitalized form is preferable over the analogue form. The MPC
provides the solution in the receding horizon manner at each sampling instant, k = 0, 1, 2, 3, .. . by optimizing
the formulated cost-functional, Ja [k] over a prediction-horizon, n, including the constraints. Further, at each
k, a finite set of control actions for a particular control-horizon, n. (ncgnp) needs to be computed. Afterward,
the first control action is only applied to the system as per the receding horizon philosophy.

This communique obtains improved cyclic averaged current-led large and small signaled responses of
the chosen power in a four-port dc/dc converter (FPDDC) states. Afterward, it discretizes the small signaled
state-space representation of the FPDDC. Later, the brief applies the MPC to accommodate the AL with opti-
mally allocated fuel cell (FC), battery [2], and solar photovoltaic (SP) generations. For the validation of the ob-
tained results, the paper considers the sequential quadratic programming (SQP) discussed in [5] and references
there in. The SQP has been utilized to optimize nonlinear systems like the FPDDC including the constraints.
Besides, it provides the assurance of getting the feasible starting point as required for the optimization.

2.  MODELING OF THE INVESTIGATED SYSTEM

Figure 1 provides the pictorial representation of the studied FPDDC. Here, L,, and C,, denote the
filter inductor and filter capacitor of the low-pass filter at a port m; V. m = 1,...,4, respectively. The charge
controller at the battery port (i.e., the port two) regulates the charging, as well as discharging current of the
battery. The reverse-directional power flow at the SP port (i.e., the port three) is preventable by utilizing a
diode, D, subsequent to the SP system.
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Figure 1. Schematic of the investigated FPDDC

The dc/ac converter before the AL transforms the filtered dc power to the ac form. Phase angles (i.e.,
control inputs) between any two ports m and n (i.e., ¢y = Op — Gy Vo = 1,...,4; m#n) manage the
power flow within the FPDDC. The modified periodic-natured cyclic averaged current [3] has been considered
to model the FPDDC of the Figure 1. The linearized expressions of the FPDDC, here, have been obtained
around the quiescent point (I1,,,V,,, and ¢,,,) [3]. Based on these expressions, the continuous time state-
space representation of the FPDDC while accommodating the disturbances is as mentioned by (1).

& (t) =A.z (t) + Bou (t) + Dow (t)
y(t) =Cz (1) (1)
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Where (1) = [v1 (t) 02 (), 03 (), 04 (£) i1 (t) 12 (1) i3 (1)] € RT, u(t) = [do1 (1), das (1), boa (1)] " €
R3, and w (t) = [ig (t),vi1 (t),vi2 (t)]" € R® are the state, control input, and disturbance vectors of the
FPDDC, respectively. Whereas the currents i, (t); Vo = 1,...,3 constitute the measured output vector of
the studied interface. Here, i1 2 3 4 () and v1 2 3 4 (t) account for the current and voltage at the FC, battery, SP,
and AL ports of the interface, respectively. ¢o1 (t), ¢a3 (t), and ¢=24 (t) denote the phase angles between the
battery and FC ports, battery and SP ports, and battery and AL ports of the FPDDC, respectively. Real-valued
system matrices A, B., D, and C of the FPDDC are as provided in [3]. For the rated value (i.e., 1 p.u.) of the
voltage at each port, the output vector of the FPDDC is composed of y1 (t) = prc (t), y2 (t) = ppar (t), and
ys (t) = psp (t). Discretization of the FPDDC model in (T)) is necessary for applying the MPC-based control
action. Zero-order hold-driven discrete time representation of the FPDDC, by considering the sampling period,
T, and the denotation x [k] for the z [kT], is as per the subsequent expression.

z [k + 1] =0qz [k] + Tqu [k] + Daw [K]
y [k] =Cx [K] 2)

Where the expressions of the system matrix ®4, control input matrix I'y, and disturbance matrix D, of the

Ts Ts
discretized FPDDC are e T}, [ eA<™B.dr, and [ e“<” D.dr, respectively.
0 0

3. RESEARCH METHOD

MPC is used to design a controller that minimizes the system output signal’s deviations from the
reference signal with the minimal control effort. Application of the full control action may bring the actuator
in the saturation state. Whereas, applying control in incremental manner [23] is free from this issue, enhances
the robustness, and does not demand much knowledge of system parameters. Hence, this work proceeds with
the incremental model of the FPDDC (2)) in the following manner.

Az [k + 1] = D4Az [k] + TgAu [k] + DgAw [k]
y[k] = CAz K] +y [k —1] 3)

Where Az [k], Au[k], and Aw [k] indicate increment vectors in the state, control input, and disturbance,
respectively. The corresponding expressions of these vectors are x [k] —x [k — 1], w [k] —u [k — 1], and w [k] —
w [k — 1], respectively. Here, the MPC-based control action for the FPDDC model (3] has been designed by
considering Au[k++v] = 0; Vv = ne,...,n, This helps in the minimization of the controlling effort.
The predicted state vector for the system (3) is obtainable by considering that the disturbance vector does not
change over the n,, from its value at the kth sampling time instant, ie., Awk+v] =0; Vv =1,...,n,
[24]. Predicted output vector of the system (2)) is computed by multiplying the predicted state expressions with
the matrix C as y [k +v|k| = Cx [k +~|k]; Vv =1,2,3,...,n,. A cost-functional, J [k], in (@), has been
formulated to drive the system predicted output, y [k] to its reference value, r,,q [k] from the current discrete
time step k over the n),.

T (K] = axgmin (D Zlrya [k -+ 11k =y Ik 9 Klloz + Dl Aulk+5— 1]l ) (4)
k y=1 j=1

Where Q1 € R**® (Ry € RP*F) is a positive semi-definite (positive definite) matrix. The o and 3, here,
represent the number of output and input variables, respectively. The second-norm and the weighted-norm of
the z are denoted by ||z|| and ||z ||, respectively. On defining Y, and AUy, as (5).
def
Y, = [ylk+1k], ..., ylk+ndkl, ..., ylk+nylk]] &

AULY [Aulk], Aulk+1K], ..., Aulk+ne—1[k] (5)

The expression of predicted output is rewritable as Y, = M Ax [k] + VAU +Cy [k] +T'Aw [k]. Here,
the matrices M, W, (, and I are determined from the matrices ®4, 'y, C, and D of the (2) and predicted output
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expression. Using the expressions of the Y}, and AUy, as per the (3 and reproduced predicted output, the cost-
functional @) is J [k] = (Rya — Yp)" Q (Rpa — Y) + AU RAU}. Here, Q € R™r@*70¢ (R € R7Fxnef)
is a positive semi-definite (positive definite) diagonal matrix. 1 and R; indicate the diagonal elements of

the matrices Q and R, respectively and the Ry = [rpa[k+ 1], rpalk+2], ..., 7rpalk+ np]]T. The
MPC-led optimization with respect to the sampling time instants is of the form:

Ja [k] = arg m(ijn J [k] (6)
s.t. prc [k] + ppar [k] + psp [k] = rpa [K]
0<pFC [k] SZCFCmaw
O<pSP [k}gzcspmam
—ICBAT min <PBAT [K]<iCBAT max

Al‘[k-{-z\k f (Axk,AUk)

where prc [k], ppar [k], and pgsp [k] indicate the powers generated from the FC, battery, and SP at the kth
sampling instant, respectively. ic¢(rc,paT,5P),,,, a4 {CBATmiy, are the maximum installed capacity of the
FC, battery, and SP and minimum installed capacity of the battery, respectively. The first expression of the
constraints is to ensure an equality between the total generation and the demand at every sampling instant, k.
Moreover, Az gz = [O, 0, 0, 0, 0, O, O]T denotes the initial condition of the system. The optimal

global solution, given in the (7), is obtained by setting the gradient of the cost-functional to the optimization
variable vector equal to zero.

AU = (WTQU + R) ™ WTQ (Rpa — MAz [k —~Cy[k]) — DAw [K] )

Where AU stands for the optimal control sequence over the n.. The receding horizon policy makes the
expression Au* [k] = [1, 0, 0, ..., 0] AU to hold at the kth sampling instant. Here, the U is ex-
pressible as (PTQU + R)_1 UT'Q (Rpg — M [k] — Cys [k]). The term [1, 0, 0, ..., 0] denotes the
gain, K spc of the MPC-based control action. Figure 2 shows the FPDDC system as implemented in the
MATLAB’s Simulink. Here, the ‘Conn 1’ along with the ‘Conn 2’ represents the simulative connections. The
implementation of the AL (to be accommodated through the MPC-led control) takes place as per Figure 3. The
same for the FC, battery, and SP has been skipped here due to the space limitation.
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Figure 2. Implementation of the FPDDC in the Simulink platform
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Figure 3. Implementation of the AL port in the Simulink platform

4. RESULTS AND DISCUSSION

The inter-port reactances (in p.u.) between the FC and battery ports, FC and SP ports, FC and AL
ports, battery and SP ports, battery and AL ports, and SP and AL ports are 0.6004, 0.3002, 0.8006, 0.3753,
1.0007, and 0.5004, respectively. The MPC-driven control, with n,, = 10 and n. = 3, aims to accommodate
the AL (2400 W, 230 V) through optimally allocated generations of the FC (1500 W, 24 V), battery (150 W, 48
V), and SP (750 W, 24 V). The inductances (in mH) of the corresponding filtering circuits are 0.5654, 0.5497,
0.0832, and 0.1146, respectively. Whereas, the respective capacitances (in mF) of the same are 0.0063, 0.0072,
0.0757, and 0.0530. The switches at the four ports of the FPDDC operate at 20 kHz.

The optimal values of the phase shifts ¢o; [k], ¢o3 [k], and ¢4 [k] have been obtained as —22.62,
—36.51, and —4.01 radian (>< 10_2), respectively. The article illustrates the comparison of the large signal
responses (LSRs) and small signal responses (SSRs) in view of the state variables is (¢) and v (t). Figures 4
and 5 depict the LSRs and SSRs for the i5 (¢) (current flowing through the filter inductor at the battery port) and
v3 (t) (voltage across the filter capacitor of the SP port), respectively. It is noticeable that the SSR trajectories
almost match with the corresponding LSR curves. Further, quarter an hour power demand of a hospital premise
[25] in India has been taken as the reference, 7,4 [k].
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Figure 4. LSR and SSR responses for the filter inductor current at the battery port
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Figure 5. LSR and SSR responses for the filter capacitor voltage at the SP port
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Figure 6 depicts the tracking of the r,q [k] by utilizing the control strategies of the MPC, yarpc (k]
and SQP, ysqp [k]. Figure 7 portrays the tracking errors corresponding to the MPC, e,,, .. [k] and SQP,
eysop [k] approaches. It is observable from the Figure 7 that the optimal control sequence of the receding
horizon-based MPC makes ey,, ... [k] <ey,, [K] to hold. Furthermore, the 7,4 [k] is accommodated through
optimal allocation of the prc [k], ppar [k], and psp [k] according to Figure 8. To this end, the availability of
the prc [k], pear [k], and psp [K] is 1st-96th, 1st-96th, and 29th-68th instants on an arbitrary day, respectively.
Furthermore, the negative ic,, ,,. . of —150 W capacity corresponds to the battery’s charging operation.
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Figure 6. Reference power tracking with the MPC and SQP-driven control schemes
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Figure 8. Optimal generations in the micro-grid while accommodating the AL
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5. CONCLUSION

The small signaled continuous time state-space representation of the studied FPDDC has been ob-
tained according to the improved cyclic averaged current. The term w (t) in the aforesaid modeling indicates
the disturbances corresponding to the power generating resources and continuously changing AL. The match-
ing LSRs and SSRs of the considered states of the FPDDC suggest that adopting the small signal analysis
minimizes the computational efforts. Subsequently, the zero-order hold-led discretization enabled to get the
MPC-based optimal inter-port phase angle values. These phase angles enable the accommodation of the AL
via optimally allocated FC, battery, and SP generations. The simulative outcomes provide the confirmation
regarding the effectiveness of the MPC-driven control. In addition, the comparison of these results with the
SQP approach reveals the supremacy of the MPC.
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