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Abstract: Due to the exhaustion of fossil energy, the utilization of renewable energy resources is
developing quickly. Due to the intermittent nature of the renewable energy resources, the energy
storage devices are usually adopted in renewable power generation system to enhance the system
reliability. In this paper, the photovoltaic-based DC microgrid (PVDCM) system is designed, which is
composed of a solar power system and a battery connected to the common bus via a boost converter
and a bidirectional buck/boost converter, respectively. As the photovoltaic (PV) panels might operate
in a maximum power point tracking (MPPT) mode or constant voltage mode, meanwhile, the power
can flow between the battery and the load bidirectionally. Therefore, for the sake of optimizing
power utilization in the PVDCM system, a control strategy making the system able to switch from
one operating mode to another smoothly and automatically is proposed in this paper. Moreover,
the small-signal modeling method based on averaged state-space is no more applicable in this study,
thus the nonlinear analysis method with discrete-time mapping model is adopted for stability analysis.
Based on the stability analysis, the closed-loop parameters are designed to make sure the whole
system can operate properly in all operating modes. The control strategy and stability analysis based
on the nonlinear analysis method in the closed-loop design are verified by experiment results.

Keywords: DC microgrid; PV system; battery; multiple operating modes; energy management
strategy; nonlinear analysis; closed-loop stability

1. Introduction

The non-renewable energy resources, including coal, petroleum, natural gas, etc., are gradually
becoming exhausted, the development and proper utilization of the renewable energy resources is
thus very urgent [1-4]. Therefore, due to the environmental and economic incentives, renewable
energy generation is gaining lots of attention nowadays, such as solar power, wind power, fuel cell
power, tidal power, etc. [5-7]. Among them, photovoltaic (PV) systems are now experiencing fast
development. However, due to the intermittent feature of solar energy, which is closely related to the
weather conditions and geographic locations, a PV system that is only composed of solar energy might
be unreliable [1,3,8,9]. In order to solve this problem, an approach integrating the energy storage devices
to the PV system i.e., the batteries and ultracapacitors, is usually employed [2]. The PV-based system
can be connected to the main grid nearby as supplementary power to improve the reliability of the main
grid. However, the extensive interconnection of the converter-based PV system to the main grid can lead
to lots of dynamic interactions and may cause different kinds of unstable issues [10,11]. The PV system
can also operate in standalone mode for local applications in remote non-electrified regions [10,12,13],
such as in the desert, on mountains, etc. Constructing small-scale standalone PV-based system which
can power the surrounding loads in those regions is much more cost-effective than extending the
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conventional main grid to those areas. The PV-based standalone microgrid is thus proposed to realize
this kind of application, which has also gained growing attraction in recent years [5,8,9,14].

The microgrid (or minigrid) can integrate the PV panels, energy storage devices, and controllable
loads effectively and economically [9,12,15]. By taking some reasonable control measures, the microgrid
can implement the optimal use of energy. In practice, this system can be divided into two types:
DC microgrid [16-18] and AC microgrid [19]. The former is widely used in modern applications,
especially for electric ships, electric vehicles, E-mobility, and smart homes, etc. [20,21]. That is because of
the inherent advantages of DC microgrids, such as that the control is simple, no need for synchronization,
no reactive power, no low frequency harmonics and excellent compatibility with sources, storage
devices and loads, etc. [10,12,16-18]. Meanwhile, as the PV panels and the storage devices work
inherently in DC, this paper is thus designing a PVDCM system.

In recent years, many researchers have made contributions on the PVDCM system, mainly
focusing on the energy management and control methods, as well as the stability issues. Firstly,
the decentralized droop control, without communication lines or with few communication lines among
different power generators, is a popular and efficient control method for proper power allocation of
the system [11,12,15]. However, for the systems with batteries, not only power sharing is important,
but also the state charge of the battery needs to be monitored and controlled. Such as the authors
in [8,18] concentrate on the control of the battery charging and discharging process to protect the
battery. Additionally, in order to make the operation of the system more reliable and comprehensive,
multiple sophisticated energy management and control strategies are proposed in [1,5,22]. In the
different control strategies, controlling the DC bus voltage properly is another important control issue,
ref. [23] designs a nonlinear adaptive backstepping controller to maintain a constant voltage at the
DC bus, [24] also proposes a method of stabilizing DC bus voltage based on a comprehensive control
and power management system which also implements the power flow flexibly. Additionally, for the
optimal operation of the system, a wind-PV-batteries hybrid DC microgrid system is designed in [25],
which takes economic and ecological factors into consideration to implement the system optimal
operation. However, the computing burden increases rapidly with the rising of the complexity of
the control method, leading to all of these complicated control methods and algorithms should be
implemented in a microprocessor, at least a digital signal processor, which is costly and also brings
more stability problems due to the time delay results from the digital control methods. On the other
hand, many publications focus on the stability issues in the PVDCM system. In order to analyze the
influence of the controller parameters and constant power load, the most common used method is the
small signal model based on the state space averaging method [21,26,27].

Specifically, in this paper, a simple PVDCM system, which is composed of a solar power system
connected to the common bus via a boost converter and a battery connected to the common bus via
a bidirectional buck/boost converter, respectively, is studied and designed in detail. In this system,
the solar energy is the main source and the battery is a backup source, which can absorb the extra power
from the PV panels and can also supply the insufficient power to the load. Thus, the corresponding
energy management strategy and the implementation are necessary to be proposed, so as to use the
solar energy preferentially. In the meanwhile, when the solar energy exceeds the load, the extra
energy needs to be stored in the battery. Then, it's necessary to control the charging and discharging
procedures for the battery. In practice, the PV panels might work in two modes: maximum power
point tracking (MPPT) mode and off-MPPT mode. The PV converter with proper control switches
between the two modes, can either make maximum utilization of the solar energy or regulate the DC
bus voltage. Meanwhile, the battery converter may either take care of the DC bus voltage or control
the charging and discharging procedures of the battery. Consequently, the control system for PVDCM
needs to be able to operate in multiple operating modes stably [28], which is a challenging work.

The first challenge is that the control method needs to be realized for two functions: (1) optimized
power utilization, such as using the solar energy as much as possible, protecting the battery, regulating
the DC bus voltage and rationalizing power allocation; (2) making sure that the system is capable of
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switching between the different operating modes smoothly and automatically. A control strategy for
a dual-input buck and buck-boost converter with two input sources was proposed in [29], which is
also applicable to multiple dual-input converters [30]. However, two control loops will interact with
each other all the time when two input sources power the loads simultaneously. To solve this problem,
an improved control strategy is proposed in [1]. However, that cannot handle the bidirectional power
for the battery here as there are no energy storage devices in those systems.

Another challenge is the stability issue of the closed-loops, which is much more complicated for
the system with multiple operating modes than the system with a single operating mode because the
multiple control loops are always coupled with each other, and it’s necessary to consider the stability
conditions for all possible operating modes. The often used small-signal modeling method based on
the state-space averaging method [26,28] is no longer applicable in the PVDCM system. The reason
is that the multiple control loops are coupled with each other in each operating mode. The authors
in [29] gave a method that designed the regulators in one operating mode first, in which there were no
control loops coupling effects, then substituted the designed parameters into other operating modes
and checked if the system was stable or not. If the system was stable, the estimating procedure was
ended, but if not, the controller parameters of regulators were adjusted until the stability requirements
were satisfied. This method may fail many times before finding a correct solution and it needs to
be designed again when the operating condition is changed. Despite this, this method is no longer
applicable when the control loops are coupled in all operating modes. In [30], a decoupling matrix is
introduced to design the regulators of the coupled control loops, but this method becomes invalid
in a system with multiple operating modes, because the decoupling matrixes might be different for
each operating mode. Then, it’s difficult for closed-loop designing-oriented. Alternatively, the small
signal method with the eigenvalues analysis is performed in [21,26,27]. However, this small-signal
modeling method based on the averaged state-space can only capture and analyze the low-frequency
instability of the system, i.e., below half of the switching frequency [31], but cannot be used to analyze
high frequency stability issues, such as subharmonic oscillation [32]. Then, a proper dynamic model
for stability analysis of the PVDCM system is demanded.

In general, the PVDCM system based on the switched power converters with the closed-loop control
is a nonlinear time-discontinuous system, then many modeling methods for the DC converters can also be
used here. To summarize that, one way to model the dynamics of this kind of system is by applying the
averaging theory to transform the converter system into a time-continuous system, as in [31,32], which
includes the simplest state-space averaging method. Despite that, more general averaging methods,
such as Krylov-Bogoliubov-Mitropolsky [33] and multi-frequency averaging [34] are also developed to
consider the switching ripple effects. However, it is still questionable at a high frequency range because
it loses the high frequency information by averaging. Many strange phenomena cannot be explained
with these models, such as the phase delay of the loop gain [35] and the subharmonic oscillation in the
peak current control loop [32]. The former one is explained later by the multi-frequency small signal
models [35], and [32] studies of the subharmonic oscillation by adding the sample-and-hold effect to
the modified averaged model. However, this method fails to predict the beat frequency instability
between different converters [36]. To solve this problem, the harmonic state-space (HSS) models with
multi-input-multi-output forms are proposed based on the linear time period theory [37]. The HSS model
succeeds in analyzing the beat frequency oscillation and it can predict high frequency oscillations. The
main disadvantages of the HSS models are that the matrix model order is very high to achieve an accurate
prediction and the general Nyquist criteria are inevitably used. All of these modeling methods are based
on linearized systems, and analyze the stability issues in the frequency domain.

Another way to model the dynamics of the switched-converters based system is the nonlinear
analysis method in the time domain, including the averaging model and discrete-time model [38].
This nonlinear analysis method is mainly used to investigate the nonlinear phenomena in power
electronic circuits, such as the bifurcation and chaos phenomena. The averaging model in time domain,
by averaging the state variables over one switching period, can only analyze the low frequency
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bifurcation [38,39]. The discrete-time model can give almost complete information about the system’s
dynamics, which is capable of predicting the instability in a wide range of frequencies, even amongst
the chaos [38,40]. This paper is going to design and make sure PVDCM system is stable in a wide range
of frequency, the nonlinear analysis method based on a discrete-time mapping model is thus adopted.

This paper is organized as follows: Section 2 will first describe the PVDCM system with multiple
operating modes, and then the energy management strategy is proposed; Section 3 presents the nonlinear
stability analysis with a discrete-time mapping model, based on which the stability boundaries under
different combination of compensation parameters are graphically derived in Section 4; in Section 5,
the experiment results are given to verify the effectiveness of the energy management strategy and the
nonlinear stability analysis method for designing the closed-loop parameters; lastly, conclusions are
given in Section 6.

2. PVDCM System

2.1. PVDCM System Description

Figure 1 shows the main topology of the studied PVDCM system, which is composed of the PV
panels and the battery. The PV panels power the DC load on the DC bus via a boost converter and the
battery is connected to the DC bus through a bidirectional buck/boost converter. The boost converter
regulates the power of the PV panels, while the bidirectional buck/boost converter controls the charging
and discharging procedures of the battery. When the maximum power of the PV panels is insufficient
for the load, then the PV panels operate in MPPT mode and the battery provides the complementary
power to the load, which also needs to control the bus voltage. If the power of the PV panels become
larger than the load, the excessive power will be provided to the battery. Under this condition, if the
charge current or charge voltage of the battery achieves the maximum value recommended by the
manufacturers, the charging procedure of the battery requires to be controlled. Meanwhile, the PV
panels need to quit MPPT control and start to take care of the DC bus voltage. Therefore, according to
the power supplied by the PV panels, the battery states and the load conditions, the PVDCM is able to
operate in multiple operating modes, as shown in Table 1. Here, P;, is the maximum output power
of the PV panels, P, is the load requirement powetr, vy, and iy, are the battery voltage and current,
respectively. Iy, is the recommended maximum charge current for the battery, while Vi, and Vi
are the allowed minimum and maximum battery voltage, respectively.
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Figure 1. Main topology of the studied photovoltaic-based DC microgrid (PVDCM).

From Table 1, it can be seen that if P;; < P, and the battery is over-discharged, the whole system
will be shut down. Despite this, the PVDCM has three normal operating modes as follows:
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e  Operating Mode Mj—when P, < P,, the solar power is insufficient, the PV panels are thus
operating in MPPT mode controlled by the boost converter, while the battery supplies the
complementary power via the bidirectional buck/boost converter working in boost mode to
regulate the DC bus voltage v,, the inductor current iy, is positive (the reference direction
is shown as in Figure 1). Figure 2a shows the energy flow and the corresponding control
requirements of My, in which d; and d; are the duty cycles of Q; and Q,, respectively, Q3 is always
complementary to Q>. When P, > P,, the excessive power will be stored in the battery. Under
this condition, if ipy < Ippgy, it is unnecessary to control iy, so the control system is the same as
that in Figure 2a. The corresponding power flow is described in Figure 2b, which compared to
Figure 2a, only the direction of iy, is reversed.

e  Operating Mode My—when P,;, > P, and iy, reaches the maximum charge current limit Iy,
ipy i required to be controlled so as to protect the battery. Thus, the bidirectional buck/boost
converter operates in buck mode to control i,;. Meanwhile, the PV panels have to quit MPPT
control mode and to regulate the dc bus voltage, as shown in Figure 2c.

e  Operating Mode M3—when P;; > P, and vy, achieves the maximum battery voltage limit Vi,,y,
the bidirectional converter will operate in buck mode to control vy,;. At the same time, the boost
converter still regulates v,, as shown in Figure 2d.

Table 1. The multiple operating modes of PVDCM.
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Figure 2. Power flow schematics and corresponding control requirements of PVDCM, which operates
in: (a) My with Py, < Py; (b) My with Py, > Py; (¢) My; (d) M3.
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2.2. Proposed PVDCM Control Strategy

First, the PV converters are required to be able to realize the MPPT algorithm for the sake of
making full use of solar energy. A schematic diagram of the MPPT control for the PV panels is shown
in Figure 3, which regulates PV output voltage v, or output current iy, to be equal to the voltage
or current reference corresponding to the maximum power point. Here, iy, is chosen to be adjusted.
Therefore, when the system reaches a steady state, the PV panels current reference I, will respond
to the maximum power point through an MPPT algorithm. In this paper, the Perturb and Observe
Algorithm (POA) [7,9] is adopted. The fundamental idea of this algorithm is to impose a small step to
Lyorer at a fixed interval, and calculate the output power of the PV panels to check whether it becomes
larger or not, then to determine altering directions of the small step for Iy, S0 that Iy is capable of
changing toward the maximum power point.

+ 1 —> i)\' POWer N
PV v, 1 ! Load
L Py converter
Vpv Drive
v signal
MPPT Current
controller controller

Figure 3. Schematic diagram of maximum power point tracking (MPPT) control for photovoltaic
(PV) panels.

On the other hand, the DC voltage needs to be controlled all the time, the charge current and
charge voltage for the battery should be controlled properly. By combining the analysis and control
requirements in Section 2.1, for the sake of ensuring the PVDCM can operate in multiple modes stably
and switch between different modes smoothly, an energy management control system is designed in
this paper, and demonstrated in Figure 4. Here, K; is the sampling coefficient for inductor current iz,
0o is the feedback output voltage and vy = Hyf vy, while vpair = Hyf vpgt is the feedback battery voltage,
and where H,r and Hyy are the sampling coefficients for v, and vy, respectively.

Peak B
Drive | O\
current » . . F»
Circuitl
controller
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- Comparator2 Circuit2

regulatorl

Vor ;
Charge VeaD, Drive gl

1}, -y 2 . .
max current | Circuit3

— b;T regulator2

Voo Charge | VesD,
bref Voltage %
Vo (; regulator3

Figure 4. The control system of PVDCM.

The compensation ramp, V},, which is further explicitly shown in Figure 5, is applied to extend
the stability region of the peak current control method. Besides, with an additional diode D, and
a resistor R connected to the ground, the boost converter control loop can switch from the current
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control method realizing the MPPT algorithm to a dual control loop to regulate v,. Then, the boost
converter switching between MPPT mode and constant voltage mode is achieved by turning D on
and off automatically. For the bidirectional converter, whether it operates in boost mode or buck mode,
Qy is always the primarily controlled switch. Meanwhile, diode Dy, D;, and D3 are introduced as
selecting switches. By comparing the error signals, 0,1, vep, and v.3, the corresponding diode with
the highest voltage is on while the other two diodes are off. Here, when the bidirectional converter
works in buck mode, for instance, v, is controlled, the controlled relationship will be vy, = v, (1 — dy).
Hence, a negative logic is inserted to both the charge voltage and charge current control loops.

Lrer

: T, :
nT, (n+1)T,

Figure 5. Typical waveforms for peak current control loop.

Based on the proposed energy management control method, the operating principle of PVDCM is

described as follows:

Operating mode M;—when the PVDCM operates in My, iy, (here also denotes as i1 1) is controlled
by a peak current control loop to implement the MPPT algorithm. Meanwhile, the bidirectional
converter operates in boost mode to regulate v, through a voltage control loop. Here, v,1 > 0,
and vy <0, ve3 < 0 due to the charge current and charge voltage not reaching the limited value.
Accordingly, D is on, and D; and Dj are off, the modulation signal v, of the “PWM Comparator2”
is vc = ve1. Under this condition, since ve1 > 0, the diode D is thus turned off, and Ief = Lyyyrer:
When P;, becomes larger than P,, the excessive energy will charge the battery automatically due
to the dc voltage is controlled by the bidirectional converter.

Operating Mode My—when Py, is much larger than P,, the excessive energy from the PV panels
makes iy, reach Iy, the charge current loop is thus triggered and v,; increases until it is larger
than v,1, then D; is turned on and Dj is turned off, and the bidirectional converter switches from
boost mode to buck mode to control the charge current. Therefore, the DC voltage is not controlled
during this transient interval. However, at the same time, the power delivered to the battery is
controlled to a limit level so that much more power will be delivered to the load, which will lead
to an increase in v,, and v,1 will decrease via the output voltage regulator. When v, falls below 0,
diode D¢ is turned on, then I = ve1 + Ipyrer. With the adjustment of the MPPT algorithm, I,y will
continue to increase, and v,; will continue to decrease. In order to end this process, an upper
limit [;qx needs to be set for I, in the MPPT algorithm, which should be slightly larger than
the output current of the maximum power point for the PV panels in all conditions. During the
execution process, if Lyoref exceeds Iy, Lyoref = Imax will be kept fixed, the MPPT algorithm is then
disabled. Therefore, when the above adjustment process reaches steady state again, the PV panels
exit the MPPT mode, and the boost converter controls v, through an outer voltage control loop
and an inner current control loop. According to the analysis, the system can switch from M; to
M, smoothly. If P, decreases or P, increases, the system will switch from M, to Mj, which is the
reverse process of the above analysis.

Operating Mode Ms—whenever P, > P,, as long as vy, reaches Vi, the charge voltage control
loop is triggered, as vy,s increases, then ve3 increases. During the period ve3 < vey, the battery is
charged with the constant charge current Iy, through charge current control loop, 0 vy still
increases, v,3 increases until v.3 > vep, D3 is on and D; is off, and the charge voltage control loop
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begins to take care of the battery and control it to operate at a constant voltage. Then the system
switches to M3 automatically.

From the above description, it can be known that the output voltage control loop and the MPPT
control share the same inner control part, and meanwhile the output voltage control loop and the
charge control loop share the same “PWM Comparator2”, these control loops don’t work at the same
time but can switch smoothly with the chosen devices, i.e., D¢, D1, Dy, and Ds3. Therefore, this control
system is smart and flexible as it can switch between different operating modes smoothly. It should be
noting that, to make sure the system can start correctly, the soft start circuits should be used, which can
make the duty cycle of the main controlled switches increase slowly until the steady state is achieved.

3. The Discrete-Time Model

The discrete-time model for the operating mode M; is established as an example in this section,
and the analysis and modeling procedure are similar for the other two operating modes, which is
thus ignored here. In our study, we assume that the switching frequency of the two converters is the
same and the trailing edge modulation is applied to “PWM Comparator2” in Figure 4. Suppose the
two converters operate in continuous current mode, the states of diode Dy, and switch Q3 are thus in
complementary to the states of switches Q; and Q; all the time. Consequently, during one switching
period, the system alters among three switch states and the sequence takes as follows: (1) Q; and Q»
both are turned on; (2) Q7 is on while Q5 is off (when d; > d5) or Qy is off while Q5 is on (when d; <
d); (3) Q1 and Q» both are turned off. Here, according to the system parameters in Table 2, d; > d; is
adopted. Then, the state equations of the main circuit, as shown in Figure 1, are derived as

do, 1-q1 . 1-q5 .

i —ﬁcfvo + c—jllun + C—?ZlLbz

dipgy _ =1

o= I ot th Vio (1)
digpp _ qo—1 ’

™ Lo, + oy Ubat

QOpgr 1 _ + ——V

a Cbat Lbz 7batcbat hﬂt rbatcbat ocbat

where g1 and g, are the switching functions of Q; and Q, respectively, which are given as

[ 1,Q0N
q’{ 0, Q; OFF - ®

Table 2. The parameters of PVDCM.

Parameters Description Values
Vo PV output voltage 20~34 'V
Lyoref PV current reference from MPPT 0~3 A
Vocbat Equivalent battery voltage 34~40V
That Equivalent battery resistor 8 mQ)
Vimax Maximum battery voltage limit 40V
) [— Maximum battery current limit 3A
Vo DC bus voltage 48V
I, Load current 0~5 A
Ly1 Inductance for the inductor Ly 48 uH
Lyo Inductance for the inductor Ly, 48 uH
Cr Capacitance of output capacitor 1.88 mF
Crat Equivalent battery capacitance 400 pF
Ks Current sampling coefficient 0.1

fs Switching frequency 100 kHz
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The proportional integral (PI) regulators are used for output voltage controller, charge current
controller, and charge voltage controllers, and the transfer function is given by

Gri(s) = k(14 —), ®)
ST
here, ky is the proportional gain and 7; is the integral time constant. Besides, k; and 7;; (j = 1, 2, 3) are
the parameters for “Regulatorl”, “Regulator2”, and “Regulator3” in Figure 4, respectively.
In M;, the boost converter works with MPPT control scheme, ;s = Iy Nevertheless,
the bidirectional converter operates in boost mode to control v,. Accordingly, v. = v,1, so v fulfills

do, dv, kpiHof kp1
—~ =~k Hyp— — — : 4
i p1itof oy T Vo + T Voref 4

Consequently, the state variable vector of My is x = [0, i11 i1 Upar Vc) T The corresponding state
equations for the three switch states are described by

x = Apx + ByEq, ®)

where n =1, 2, 3 are corresponding to switch state (1)—-(3), respectively. The voltage vector E; is given
as E1 = [V Vochat Vore f]T, and A, and B, are expressed as

1-q 1-g

1 .
_RLCf Cf Cf 0 0
Bl 0 0 0 0
b )
Ay = ‘757 0 ol T 0|, (6)
0 0 _tht _7batcbat 0
kpHop  knHor  (—DknHop  (92—1)kpnHoy 0 0
| RLCf - Ti1 Cf Cf ]
0 0 0
1/Ly 0 0
B, = 0 0 0 =B. (7)
0 1/rbﬂtcbat 0
0 0 kpl /le

The sampled state variables at the starting and ending instants of the nth switching period are
denoted as x,, = x(nTs) and x,, 1 1 = x((n + 1)T}), respectively. Then, the solution can be derived for each
state equation in (5), i.e.,

x(doTs) = @1(daTs)xy + (P1(d2Ts) - I>A1_13Elf ®)
x(d1Ts) = ®2((d1 — da) Ts)x(daTs) + (P2((dy — d2)Ts) — 1)A; ' BE;, )
Xus1 = @3((1=d)To)x(dr Ts) + (@3((1 - d1)Ts) —1)A3'BEy, (10)

where I represents the unity matrix, ¢;(¢) is the transfer matrix, which is expressed as
(o) 1
. — eA'E k ck
®;(&) =€t = I—i—kEl k!AJé . (11)

In order to complete the discrete-time map, the relationship between the duty cycles and the state
variables should be found. During the period of Q; being on, ;1 increases, when it reaches I,.r, Q1
will be turned off. Therefore, the switching function for Q; can be derived as
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s1() = Ipvref —medi Ts + Cix(dq Ts), (12)

where C; = [0 — Ks 00 0]. As demonstrated in Figure 5, the compensation slope . can be calculated
with me = V,/Ts.
In the output voltage control loop, v, is compared with the ramp signal, which is given by

Oramp = VL + mmmp(t mod Ts)/ (13)

where V| and #i4 are the lower threshold and rising slope of the ramp signal, respectively. Essentially,
Qy is turned on if v; > Uyapp, and otherwise it is turned off. Therefore, the switching function for Q; is
obtained as

52(+) = Cox(daTs) = (MrampdaTs + V1), (14)

here C, =[00001].

Now, an accurate discrete-time model can be derived by combining Equations (10), (12) and
(14). Assuming the equilibrium point is denoted as x,. By taking x, .1 =x;, = ., 51 =0and sy =0,
the equilibrium point x, and stable-state duty cycles D; and D, can be obtained. Then, the Jacobian of
the equilibrium point for the discrete-time model is evaluated as

axn 8d2

O O ( dsy )_1 dsy  Ixni (851 )_1( ds; s (832 )_1 dsy ] (15)

Joe) =5 ™ "o, \ody) %, ody \ody oh;) ox,
All the eigenvalues of the Jacobian can be got according to solve the characteristic equation
as follows

|AL=T(xe)| = 0. (16)

If all the eigenvalues are inside the unit circle, the system is stable. But if any eigenvalue is outside
the unit circle or on the unit circle, then the system will become unstable.

It should be noted that usually the PV microgrids also provide power to the constant power load,
not only the pure impedance load as in this paper. If a constant power load is adopted, the dc bus
voltage is also required to be controlled for many applications, so the control strategies can be the same
as those in this paper. But, the discrete-time model needs to be changed. For example, the load resistor
Ry is changed to a constant power load Py, then the first state equation in (1) should be changed to

dvo_ Pcpl 1-q1, 1-q5.
it = Crop + c; irp1 + c; irp2, (17)

and the corresponding A, in (6) is changed to

Pcpl 1-q; 1-q»

0 0]
CfV% Cr Cr
%% 0 0 0 0
A, = go=1 1 , 18
" I 0 0 O (18)
0 0 _% _7batcbat 0
kiHop — kpiHop  (q1=DkpHop  (q2-DkpiHos 0 0
| RLCf Ti1 Cf Cf A

here, Vgg2 is the steady state DC voltage, which will be calculated later at the equilibrium point. The
other procedures are similar.

4. The Stability Boundaries of PVDCM

In this study, the system parameters of PVDCM are specified as shown in Table 2, based on which
the system stability boundaries are found with the discrete-time model.
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Generally speaking, the parameters of the PI controllers and slope compensation V), are significant
parameters to be determined. As we know, kj, is required to be large enough to reduce the steady-state
error, while 7; should be small enough to improve the system dynamic response. However, if k, is
too large or 71; is too small, instability will occur. Therefore, we need to find the stability boundaries
for these controller parameters under the worst operating conditions, with Vi, Lyyref, Io, and Vcpay
serving as space parameters. Here, the operating modes M; and M, are taken as an illustration at the
most time, to help us find the worst operating condition firstly, then the stable region of the controller
parameters are derived.

In order to find the worst operating condition of the output voltage control loop for the bidirectional
converter, ky» =1, 75 = 50 us, and V), = 0.1 are kept constant to make sure the charge current control
loop and the peak current control loop are stable. Corresponding to the parameters specified in Table 2,
the explicit stability boundaries demonstrated in Figure 6 are obtained by the discrete-time model
established in Section 3, where By, is operating mode boundary between M; and M.

35 35
B, Stable B,
30| ] 30
AR
2, 25| O, | Z 550 Unstable
& Unstable '-.‘_‘ Stable W&
20} ] 20
M2
0 1 2 3 15 1
-y
(a)

Figure 6. The stability boundaries of output voltage control loop: (a) Stability boundaries in My; (b)
Stability boundaries in M.

By observing Figure 6, some conclusions can be drawn as follows:

e  The system will become unstable with the PI parameters change. As kj; gets larger or 7,1 gets
smaller, it’s much easier for the output voltage control loop to lose its stability.

e  As the output voltage regulator is shared in M1, M», and M3, the system stability is always affected
by the parameters k;; and 7;1 (in mode M, and M3 are similar), which have narrower stable
regions in M; than that in the other two operating modes. Consequently, they need to be designed
in operating mode M;.

e Vpy and Iy are related to the PV panels, which also have influence on the stability and also
determine the worst operating condition for the voltage control loop in operating mode M.
The parameters Vi, and Iy become the smaller in My, the system operating condition will
become worse.

For the sake of length constraint, some stability boundaries are ignored here. With the similar
analysis, it can be known that V., is smaller, which also makes the the output voltage control loop
become unstable more readily. What is worse, when V), decreases, the stable region of the peak current
control loop will also shrink.

At present, when the system works in the worst operating conditions in the operating mode
M, the stability boundaries of “Regulatorl” and slope compensation V) are derived in Figure 7.
From Figure 7a, it can be seen that if V), > 0.08 V, the stability of the peak current control loop can
be guaranteed all the time. It can be found that, from Figure 7b, 7;1 should be larger than 1.1 ms to
maintain the output voltage control loop stable when k;1 = 1 (In this paper, 7;; is selected as 1.2 ms).
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0.1 2
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M 1
0.08 L s Stable
Stable ’ Stability boundary
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0.02 0.5 | |
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Figure 7. The parameter space of control parameters at the worst operating condition in My: (a) The
parameter space of Vp, and Vj; (b) The parameter space of “Regulatorl”.

In order to simplify the discussion, the derivation processes of the stability boundaries for
“Regulator2” and “Regulator3” are omitted here, as they are similar to the above analysis. The final
results of parameters are given as ko =1, 7;p = 10 ps, ky3 = 10, 7;3 = 22 ps.

5. Experimental Validation

In order to verify the effectiveness of the energy management strategy and the nonlinear analysis
method based on the discrete-time model, a 240 W prototype is established in the laboratory, as shown
in Figure 8. The specifications of the PVDCM system are the same as that in Table 2, where the normal
battery voltage Vi, is 36 V, which is composed of three 12 V battery modules, and the IRFP4668PbFs
are adopted as the switches Q1 ~ Q3, and the 60APUO2PbF is used as power diode D.

Boost unit

[
I
|
)
|
i
L}
[}
|
|
|
]
]
]
1
|
]
1
]
]
]
I
]
]
>

> (D5 >

Figure 8. Picture of the prototype.

When V), =31 V with different I;er and Vicpat, the stable-state experiment waveforms at full load
in three operating modes are exhibited in Figure 9a-d. In Figure 9a—c, the waveforms from the top to
the bottom are the DC bus voltage v,, the drive signals for Q; and Q> Vg1 and Vgsz, the two inductor
currents i1 and ij4, respectively. In Figure 9d, the waveforms from the top to the bottom are vy, vy,
irp1, and ippo, respectively. From Figure 9a, when Iy = 0.53 A (current sampling coefficient Ks = 0.1),
the equivalent PV panels” power is smaller than the load, i.e., ppy < P,, thus the battery provides
the complementary power to the load, here, i;j» > 0, corresponding to the power flow in M; as in
Figure 2a. In Figure 9b, when Ljprer = 1.1 A, ppo > Py, excessive power is provided to the battery, and the
measured average value I1;; is —2.5 A, so I1p < 0, corresponding to the power flow in M; as shown in
Figure 2b (only the inductor current is reversed compared to the previous mode in M;). It can be seen
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from Figure 9c, when I, = 2 A, theoretically the average value of i1 can reach 20 A, but the actual
average value is measured to be 12.2 A. This is because the charge current is controlled and I;;, = =3 A,
the PV panels change from the MPPT mode to the constant voltage mode, corresponding to the power
flow in M, as shown in Figure 2c. Under the same condition, if Vj,; reaches 40 V, the charge voltage
control loop will be triggered and the charge current will decrease, as demonstrated in Figure 9d,
corresponding to the power flow in M3 as shown in Figure 2d. Based on the above analysis, it can be
concluded that the PVDCM system can operate stably in all three operating modes.

Cl: v, [20V/div]
= . - -
. W V(;_s'[ [1 0V7(ilV]

e LU LT
NGNS

C2: Vs [10V/div]

Cl: v, [20V/div]

9 | B
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czﬂﬂﬂﬂﬂ%

C2: Ve [10V/div]
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Figure 9. Steady experiment waveforms in three operating modes: (a) My with L, = 0.53 A,
and Viepar = 39'V; (b) My with Lyyer = 1.1 A, Ve = 39 V; (€) Mp with Lyyer = 2.5 A, and Vepr =39 V;
(d) M3 with Ipyrer = 2.5 A, and Viepar 40 V.

3 [2

]

C3: iy [2A/div]

To further examine the dynamic responses and the operating mode switching procedures, the load
stepping up from 10% load to full load and then stepping down to 10% load are implemented, the
experimental results are shown in Figure 10, where v, and vy, are only given the AC components.
From Figure 10a, it can be observed that when the PV panels’ maximum power P, = 105 W, which is
not enough to power the full load but is much larger than 10% load, then excessive power will be
provided to the battery and the charge current is smaller than Iy,,,,. Therefore, the PVDCM is working
in M; before and after the load changes, only the battery exits from providing power to the load
and is charged. Here, the PV panels are operating in MPPT mode with I1;; kept constant, and the
output power is almost constant, which agrees with the theoretical design. In Figure 10b, P, = 600 W,
the PVDCM are always working in M, with an I, which doesn’t change, the power provided by the
PV panels varies to keep power balanced, while the battery is always in a constant current charging
mode with charge current of 3 A. In Figure 10c, P, = 600 W, the battery is basically full-charged
at this time, so the PVDCM is working in M3 all the time, the power provided by the PV panels
varies to supply the load before and after the load changes, while the battery is in a constant voltage
charging mode and the charge current is relatively small. When the load changes, the operating mode
also switches, the corresponding experimental waveforms are shown in Figure 10d,e. In Figure 10d,
when the load steps up to full load and then steps down to 10% load, the system will switch from M,
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to M; automatically, and then switch back to M, again. From it, it can be seen that both I;;; and Iy,
varies to keep power balanced when the load changes. Figure 10e shows that the system will switch
from mode M3 to M; automatically, and then switch back to M3 again when the load steps up and
steps down.

1 | Cl:i, [5A/div]

C2: v, [10V/div]

cl [ Cl:i,[5A/div] Cl

€2 iy _C2:v,[10V/div] C2 s A

C3: iz [10A/div]
c3!

g N C4: ip [SA/diV]

Time: [20ms/div]

C3: i1 [10A/div]

QM
C4 C4: iy [5A/div]

Time: [20ms/div]

(a) (b)
1 ;' | Cl: i, [5A/div] Cl 1 Cl: i, [SA/div]
: C2: v, [10V/di C2: v, [10V/div]
£ " poopiselOVEN], 2 — A,
C3: i1 [10A/div] C3: iy [10A/diV]
Lo <3
M2: vy, [SV/div] -
M2 — e C4: iy [SA/div]
C4 C4: iy [SA/iv]
Time: [20ms/div] Time: [20ms/div]
(c) (d)

cl f Cl: i, [5A/div]

- C2: v, [10V/div]
L
C3: iz [10A/div]
C31 m
- M2: vy [5V/div]
c4 C4: in [SA/iV]

(e)

Figure 10. Experiment waveforms of load stepping up and load stepping down: (a) M; with
Lyoref = 0.35 A (P = 105 W), Viepar = 39'V; (b) M with Lyyper =2 A (P = 600 W), Viepr = 39 V; (€) M3 with
Lyorer = 2 A (P = 600 W), Viepar = 40 V; (d) Lyprer = 0.93 A (Ppyy = 280 W), Viepar =39 V; (€) Lyprer = 0.93 A
(P =280 W), Viopar 40 V.

The above experimental results come from the stable system which is designed based on the
stability boundaries in Section 5. To further verify the stability analysis, the controller parameters are
chosen in the unstable region are tested. Such as 7;; should be larger than 1.1 ms to maintain the output
voltage control loop stable from Figure 7, and 7;3 > 8.7 us and V), > 0.08 V should be guaranteed in M3
to keep the system stable. Here, 7;1 = 0.8 ms in M; and 7;3 = 4.7 us, V), = 0 V in M3 are performed
in Figure 11, the other controller parameters are kept the same as the stable operation in Figure 9;
Figure 10. From Figure 11a, it can be clearly seen that a low frequency oscillation occurs as 1; is too
small and in the unstable region in Figure 7. Figure 11b exhibits the coexistence of a low frequency
oscillation and subharmonic oscillation, as a small 7;3 mainly affects the low frequency stability and V),
has a great influence on the high frequency stability.

All the above experiment results demonstrate that when the power supplied by the PV panels
and the load have variations, the PVDCM system is capable of switching among the three operating
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modes smoothly, and indicating that the energy management strategy proposed in this paper and the
nonlinear analysis method in the closed-loop design are effective.

Cl: i, [2A/div] - ‘ | Cl: v, [0.5V/div]
Cl i !
C2:v,[0.5V/div] C2: vy [0.5V/div]

—2~\/A\/ \\_/ = —WMWWMWWWWWWWWWWw g
o5 AR \“\\\\\”\VW\\\N\\W\\\N\“\&V '“VW\“J\”\\\\W\

C4: lLb2 [ZA/dl

v
, g
Time: [0.5ms/div] Time: [100us/div]
(a) (b)
Figure 11. Experiment waveforms in operating mode M; and Mj: (a) M with Iyer = 0.3 A, Voepr =38V,

Vo =26V, Iy of = 0.3 A, I, =3.3 A and 1;1 = 0.8 ms; (b) M3 with Vjyy =245V, s =2 A, I, = 1 A,
Ti3 = 4.7 us, Vp =0V

6. Conclusions

In order to make sure the PVDCM system can switch between different modes smoothly and
automatically, a control strategy with optimized power utilization is proposed in this paper, and the
principle of this strategy is explicitly described. Then, in order to guarantee the system stable under all
required conditions, the stability analysis based on the nonlinear analysis method with a discrete-time
mapping model is adopted to design the closed loop parameters. With the discrete-time model,
the stability boundaries of different parameters are derived, which first is used to find the worst
operating condition for each control loop and then the stable region can be derived under the worst
operating conditions. The controller parameters then can be chosen in the stable region to ensure the
PVDCM system can operate stably in all operating modes. Finally, a prototype is built in the laboratory,
the experimental results verify the effectiveness of the proposed energy management strategy and the
stability analysis based on the nonlinear analysis method used in the closed-loop design.

In the future, more works need to be completed. First, the critical and quantitative comparison
between the proposed method in this paper and the other presented methods are worth studying.
Second, more complicated DC microgrids need to be covered. Such as the system multiple integrated
renewable energy resources simultaneously, the system with multiple energy storage devices and so
on. Second, the control strategy for the complicated system will be studied and try to provide a unified
control method for the standalone application and grid-connected application. Third, the stability
issue should be further addressed and compared with different modeling methods.
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