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Abstract: Recently, the danger of a long blackout is discussed in Europe. Blackouts can be caused by
failures in the energy distribution, errors in large power plants or even cyber-attacks. This can lead
to a chain reaction and a disintegration of the mains. Longer blackouts have an extreme impact on
the economy as a whole and on local households. Therefore, a small local grid at home which can
supply the most important loads over some time has garnered increasing interest. With a small direct
current (DC) grid, critical loads such as for deep freezers and refrigerators can be supplied, and some
LED lights can be used in the evening or at night. Solar generators (panels) can be used to charge
energy storage devices, e.g., batteries. A DC grid can not only be used in the case of an emergency,
but can also be used to reduce energy consumption out of the public mains and reduce energy bills.
The architecture of the household emergency DC grid is discussed; suggestions for batteries are
given; two simple chargers, based on DC-DC-converters like the Buck (step-down) and on the Boost
(step-up) converters, are shown; dimensioning suggestions are given; and simple, robust controllers,
a P-controller with disturbance feedforward and a hysteresis controller, are treated and tested via
simulations. The goal of the paper is to show a simple autonomous home energy system without an
external fieldbus, LAN or internet connection with special focus on simple charger topologies.

Keywords: micro-grid; solar system; Buck converter; Boost converter; hysteresis control; disturbance
feedforward

1. Introduction

Recently, the danger of a large blackout is often being discussed in the newspapers
in Europe. Blackouts can be caused by failures in the energy distribution or by failures
in large power plants. This can lead to a chain reaction and a disintegration of the mains.
Additionally, extreme weather can lead to large disturbances in the mains. Longer blackouts
have an extreme impact on the economy as a whole and on local households. Therefore, a
small local grid at home which can supply the most important loads over some time has
gained increasing interest. With a small DC grid, critical loads such as for deep freezers
and refrigerators can be supplied, and some LED lights can be used in the evening or at
night. Furthermore, laptops can be charged, which can enable some kind of home office
to be made (without an internet connection). The energy for this micro-grid can be stored
in batteries. If a car is available, the battery of it can also be connected. Solar generators
(panels) can be used to charge the batteries. The use of an additional emergency grid in
a private household is a new concept to supply important loads that has been suggested
due to the risk of longer blackouts in the future. Up to now, such emergency systems have
only been used in hospitals, some public buildings, data processing centers and critical
infrastructure. For the last few decades, the risk of a blackout in the public mains has been
very low in central Europe.

Energy costs have also increased very much. It should therefore be mentioned that
this DC grid can not only be used in an emergency case but can also be used to reduce
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energy consumption out of the public mains and reduce energy bills. In this paper, we
present two simple charging topologies to supply a DC bus or to directly feed energy into a
storage battery. We use simple controllers to avoid cyber-attacks in this emergency system.
Cyber-attacks represent an important topic which is now often studied (e.g., [1–4]). Energy
management for smart buildings has been discussed, e.g., in [5]. However, the aim of our
system is as follows: the simpler the system, the higher the protection against outer attacks.
The chargers treated here are as simple as possible.

Figure 1 shows the line diagram of the emergency DC micro grid. (1) symbolizes the
solar generators. (2) represents a unidirectional DC/DC converter which feeds directly
into the DC bus. (3) depicts a storage battery which is connected to a solar generator via a
unidirectional DC/DC converter on one side (10) and is connected to a bidirectional DC/DC
converter (4) to the DC bus on the other side. On the right side of the bus, a unidirectional
DC/DC converter (5) is used to supply lighting devices (7, e.g., light-emitting diodes
(LEDs)). With the DC/AC converter (6), a motor load (8), e.g., from a refrigerator, is
supplied. This converter (6) can be uni- or bidirectional. The buffer of the DC bus is shown
exemplary as a large capacitor (9), realized as a supercapacitor or a battery.
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Figure 1. Topology of the DC emergency micro grid.

Only building blocks 2 and 10 are treated. Here, only unidirectional power flow is
necessary. The converters can have step-up or step-down behavior, depending on the solar
generator used. For the series connection of several panels, a step-down converter is used.
Series connection has the advantage that a low current has to be handled. Small systems
with low voltage need a step-up converter. The basics of power electronics and converter
design can be found in textbooks.

Figure 2 shows the details of a system with only one solar generator (1) and one
unidirectional DC/DC converter (2). With the switch, S, the converter can charge the
battery (3) or directly charge the DC bus.



Electricity 2023, 4 218Electricity 2023, 4, FOR PEER REVIEW 3 
 

 

 
Figure 2. Details of a single solar generator system. 

For DC micro-grids two system types are used, low voltage (LVDC) with, e.g., 48 V 
and high voltage (HVDC) with 380 V. For lower power loads the 48 V system is interesting 
for inter-house use, because typical distances are in a region of under 100 m where a 4 
mm2 cable is standard and sufficient. A low voltage is also advantageous for security rea-
sons. For bigger systems with higher distances and loads, a 380 V system is the better 
choice [6]. 

Standard converters like Buck, Boost, SEPIC and Zeta are normally used for connect-
ing different loads and sources. These could be solar panels, battery packs, or different 
household loads as shown in Figure 1 [6,7] Depending on the application, these converters 
are realized uni- or bidirectional as shown in Figure 1 [6,8]. 

The papers [7,9] show that lead–acid batteries are still used in battery storage units. 
The advantages are relatively low cost and the fact that four batteries in series provide a 
voltage of 48 V. In the papers [9,10] lithium-ion batteries are used as a storage unit. An 
advantage is the higher number of possible cycles and increased lifetime compared to 
lead–acid batteries. Additionally, the higher energy density in volume and weight can be 
seen as an advantage [9]. Another interesting fact is that LiFePo4 battery packs are avail-
able with a similar nominal voltage of 12.8 V as a lead—acid battery with 12 V. Classical 
lithium-ion battery packs are available with 14.4 V which fits not to form 48 V. Typical 
battery packs for smaller household applications could be formed by standard types with 
approximately 100 Ah [7,9].  

Lead—acid batteries are still commonly used in storage units. Important parameters 
are the inner resistance and the discharge current. The inner DC resistance can be used 
for, e.g., the estimation of the voltage drop under load conditions. For a 100 Ah lead–acid 
battery the internal resistance can have a value of approximately 4.5 mΩ and a maximal 
discharge current of 800 A (for 5 s) is possible [11]. 

For considering the dynamic behavior Randles circuit can be used as battery model 
which is explained with typical parameters in [12]. Different examples for AC impedance 
plots and parameters of different batteries are shown and explained in [13–15].  

Basics of power electronics and converter design can be found in the textbooks, e.g., 
[16–18]. A single-phase grid interface for home energy storage is described in [19]. Ref. 
[20] shows relatively complex converter topologies for charging electric vehicles (EVs) and 
compare them with a bidirectional step-up-down converter. In [21] the benefits of a DC 
home grid are shown and typical private household consumer power loads are listed. Ref. 
[22] gives an overview of single-stage isolated AC-DC topologies for interfacing DC and 
AC grids, and building up on this, in [23] the hold-up time is treated. Ref. [24] shows a 
multi output converter which can be used for an off-grid DC system. The parameters used 
in the study, which are typical for such a system, are also given. Charging an EV from a 
home DC grid is treated in [25].  

In [26] interesting standards for DC grids and the requirements for different loads 
are listed, whereas the focus lays on the DC distribution technology. DC transformer to-
pologies are compared. Similarities and differences of protection devices between AC and 
DC systems are treated. A performance analysis of a Boost converter structure in a photo 

Figure 2. Details of a single solar generator system.

For DC micro-grids two system types are used, low voltage (LVDC) with, e.g., 48 V
and high voltage (HVDC) with 380 V. For lower power loads the 48 V system is interesting
for inter-house use, because typical distances are in a region of under 100 m where a 4 mm2

cable is standard and sufficient. A low voltage is also advantageous for security reasons.
For bigger systems with higher distances and loads, a 380 V system is the better choice [6].

Standard converters like Buck, Boost, SEPIC and Zeta are normally used for connect-
ing different loads and sources. These could be solar panels, battery packs, or different
household loads as shown in Figure 1 [6,7] Depending on the application, these converters
are realized uni- or bidirectional as shown in Figure 1 [6,8].

The papers [7,9] show that lead–acid batteries are still used in battery storage units.
The advantages are relatively low cost and the fact that four batteries in series provide a
voltage of 48 V. In the papers [9,10] lithium-ion batteries are used as a storage unit. An
advantage is the higher number of possible cycles and increased lifetime compared to lead–
acid batteries. Additionally, the higher energy density in volume and weight can be seen as
an advantage [9]. Another interesting fact is that LiFePo4 battery packs are available with a
similar nominal voltage of 12.8 V as a lead—acid battery with 12 V. Classical lithium-ion
battery packs are available with 14.4 V which fits not to form 48 V. Typical battery packs for
smaller household applications could be formed by standard types with approximately
100 Ah [7,9].

Lead—acid batteries are still commonly used in storage units. Important parameters
are the inner resistance and the discharge current. The inner DC resistance can be used
for, e.g., the estimation of the voltage drop under load conditions. For a 100 Ah lead–acid
battery the internal resistance can have a value of approximately 4.5 mΩ and a maximal
discharge current of 800 A (for 5 s) is possible [11].

For considering the dynamic behavior Randles circuit can be used as battery model
which is explained with typical parameters in [12]. Different examples for AC impedance
plots and parameters of different batteries are shown and explained in [13–15].

Basics of power electronics and converter design can be found in the textbooks,
e.g., [16–18]. A single-phase grid interface for home energy storage is described in [19].
Ref. [20] shows relatively complex converter topologies for charging electric vehicles (EVs)
and compare them with a bidirectional step-up-down converter. In [21] the benefits of a
DC home grid are shown and typical private household consumer power loads are listed.
Ref. [22] gives an overview of single-stage isolated AC-DC topologies for interfacing DC
and AC grids, and building up on this, in [23] the hold-up time is treated. Ref. [24] shows a
multi output converter which can be used for an off-grid DC system. The parameters used
in the study, which are typical for such a system, are also given. Charging an EV from a
home DC grid is treated in [25].

In [26] interesting standards for DC grids and the requirements for different loads
are listed, whereas the focus lays on the DC distribution technology. DC transformer
topologies are compared. Similarities and differences of protection devices between AC
and DC systems are treated. A performance analysis of a Boost converter structure in a
photo voltaic (PV) system with maximum power point (MPP) tracking which supplies a
DC grid is shown in [27]. Voltage standards of DC residential power systems are compared
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in [28]. Integrating a PV and a small hydrogen power source into a charging infrastructure
is shown in [29].

2. Buck Battery Charger

Figure 3 shows the circuit diagram of the battery charger (or a device to feed directly
into the DC bus) derived from the Buck converter. The output is formed by the battery
so the output voltage is constant. The converter must therefore be current-controlled.
Nevertheless, a capacitor between the output connectors (3, 4) of the converter is used to
avoid that the high frequency component of the current flows through the battery and
there produces additional heat. The input capacitor between the input connectors (1, 2) is
used to compensate for the inductance of the wires between the solar generator and the
converter. Furthermore, the pulsed input current does not burden the solar generator. The
diode D2 must be somewhere between the input and the output to avoid a current out of
the battery when the input voltage is lower than the output voltage. The body diode of
the MOSFET would discharge the battery, feed energy back into the solar generator and
could even destroy it. This diode is better placed at the input, where the current is lower
because the converter has a step-down topology and therefore the mean current is lower
at the input side than at the output (input and output power are equal), or the diode is
already included in the solar generator. For continuous input current it is useful (if the
inductance of the cables used to connect the converter is small), to connect a coil between
input connector (1) and the anode of the diode D2.
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Figure 3. Buck battery charger for a solar generator (input inductance and capacitor in parallel to the
battery are not shown, see text).

The easiest way to control this converter is by a hysteresis controller. For the descrip-
tion we used ideal components. When the active switch S is turned on, the difference
between the input (the voltage across CIN) and the output voltages is across the inductor
and the current increases. When the current reaches the upper limit, the controller turns
the switch off, and when the current reaches the lower limit, the controller turns it on again.
The difference between the upper- and the lower current limits, the hysteresis, is written by
∆I. The on-time of the switch is therefore

U1 −U2 = L
∆I
Ton

Ton = L
∆I

U1 −U2
(1)

During the off-time, the negative output voltage reduces the current by ∆I during
the time

To f f = L
∆I
U2

. (2)

The switching period is now the sum of the on- and off-times

T = L
∆I

U1 −U2
+ L

∆I
U2

= L∆I
U1

U2(U1 −U2)
(3)
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or more usually given as switching frequency

f =
1

L∆I
U2(U1 −U2)

U1
. (4)

Changes of the input and output voltages change only the frequency. This controller
concept is very robust. One can also notice that the lower the voltage ripple, the higher the
occurring frequency. A low current ripple increases the frequency but decreases the bypass
capacitor for the battery.

2.1. Dimensioning

During the off-time of the active switch, the inductor voltage equals the negative
output voltage. When a maximum switching frequency is chosen, the inductor value can
be calculated from (4) according to:

L =
1

f ∆I
U2(U1 −U2)

U1
. (5)

When the input voltage is minimal and the output voltage is maximal, the on-time has
a maximum, and when the input voltage has a maximum and the output voltage has its
minimum, the on-time is minimal. During the off-time no current is taken from the source.
To get a continuous current out of the solar generator, an additional inductor should be
placed between the input capacitor and the solar generator.

Figure 4 shows the simulation model implemented by LTSpice of a Buck battery
charger with hysteresis controller. The current is measured with the voltage source V3 and
transferred into the actual value for the controller by the current controlled voltage source
H1. The reference value is generated by the voltage source V4. The hysteresis controller
is realized by the comparator U1, and the hysteresis is fixed by the resistors R1 and R2
which form the positive feedback. The voltage-controlled voltage source E1 is used to
form an isolated driver. The factor 10 increases the signal from the and-gate A1, which
combines the output signal of the comparator with a start signal. The comparator has to be
supplied by plus/minus 5 V. It should be mentioned here that one can also use a single
supplied comparator.
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Figure 5 shows the input voltage, the reference value, and the current through the
inductor which is equal to the charging current. The output current ensues from the
reference value. Steps in the input voltage are corrected immediately.
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Figure 5. Hysteresis-controlled Buck converter (up to down): input voltage (green), reference value
(blue), current through the coil (charging current, red).

When a small inductor is connected in series to the solar generator, one can mea-
sure a nearly constant current, which can be used for the maximum power point (MPP)
tracker. The MPP power IMMP·UMPP must be equal to the output power U2·IL. With an
approximated efficiency of

η =
U2 IL

UMPP IMPP
(6)

one can calculate the reference value for the controller

IL,re f =
ηUMPP IMPP

U2
. (7)

2.2. Model of the Buck Battery Charger

To design a linear controller, the model of the battery charger has to be derived. The
battery voltage changes very slowly. So, one can set the output voltage to a constant value
U2. The output voltage of the solar generator can change quickly, but the input capacitor
reduces the derivative of the voltage at the input u1. The derivative of the inductor current
during mode M1 (active switch S on and passive switch D1 off) can therefore be written
according to

diL
dt

=
u1 −U2

L
. (8)

In mode M2 (active switch S off and passive switch D1 on) one can write

diL
dt

=
−U2

L
. (9)

Using a fixed frequency and a duty cycle d, one can combine the two equations (using
the state-space averaging method) according to

diL
dt

=
u1·d−U2

L
. (10)

Inserting the perturbation approach leads to

d
∧
i L

dt
=

(
U1 +

∧
u1

)(
D0 +

∧
d
)
−U2

L
. (11)

The differential equation for the perturbation around the operating point is now

d
∧
i L

dt
=

D0
∧
u1 + U1

∧
d

L
. (12)

The connection between input and output voltages at the operating point can be
found from

−U2 + D0U1 = 0. (13)
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This leads to the well-known equation

U2 = U1D0. (14)

Figure 6 shows the signal flow graph of the charger with the controller KR. IL*(s)
describes the desired value and IL(s) the actual value. Signal flow graphs are a very useful
tool to describe systems in a graphical way. In [30] a short summary of the elements and
the construction of signal flow graphs is explained, and with the use of Mason’s equation
the transfer function of a system can be calculated.
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Figure 6. Signal flow graph of the controlled Buck-derived charger.

The output value is the current through the coil, which is also the charging current
(the mean value flows through the battery and the ripple flows through the capacitor which
is in parallel to the battery). First, we studied the transfer function between the load current
and the duty cycle and the transfer function between the load current and the input voltage.
The signal flow graph of the converter can now be drawn (Figure 6).

The transfer function between the inductor current and the duty cycle

GID(s) =
IL(s)
D(s)

=
U1

sL
(15)

shows an integral behavior which is depicted in Figure 7.
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Figure 7. Buck-derived battery charger, duty cycle to charging current transfer function: simulation
circuit, Bode plot (solid line: gain response, dotted line: phase response).

The transfer function between the current through the inductor and the input voltage

GIU(s) =
IL(s)
U1(s)

=
D0

sL
(16)

also shows an integral behavior (Figure 8).
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Using a P-controller one obtains the control transfer function according to Figure 6

GI Ire f (s) =
IL(s)

Ire f (s)
=

KRU1
sL

1 + KRU1
sL

=
KRU1

sL + KRU1
=

1
s L

KRU1
+ 1

(17)

and for the disturbance transfer function according to Figure 6

GIUclosed(s) =
IL(s)
U1(s)

=
D0
sL

1 + KRU1
sL

=
D0

sL + KRU1
=

D0

KRU1

1
s L

KRU1
+ 1

. (18)

From the control transfer function one can see that no steady error occurs, but from the
disturbance transfer function one can see that an error will occur. When the input voltage
changes by ∆U1, the error can be calculated according to

∆IL =
D0

KRU1
∆U1. (19)

For a low error, a high input voltage and a large controller gain is helpful. Figure 9
shows the simulation circuit and the Bode plot for the open loop with a P-controller. The
transfer function between output current and duty cycle is calculated by the voltage-
controlled voltage source E1, the source E2 is used to model the controller. In the simulation
model the pole of the plant is a little bit shifted to the left. This is necessary when a transient
analysis is performed to avoid a singular calculation matrix.
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Figure 9. Buck-derived battery charger open loop with P-controller with KR = 1: simulation circuit,
Bode plot (solid line: gain response, dotted line: phase response).

Figure 10 shows the closed loop system. The error between the reference value and
the actual value is calculated by the arbitrary voltage source B1. As expected, the closed
loop shows a PT1 behavior.
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ror occurs caused by the input voltage!  

The easiest way to reduce the error is to use a disturbance feedforward. This is per-
formed by including an edge with the value –K(s) between the disturbance U1(s) and the 

Figure 10. Buck-derived battery charger, closed loop with P-controller: simulation circuit, Bode plot
(solid line: gain response, dotted line: phase response).

Figure 11 shows the step response of two different controller gains (KR = 1, KR = 0.2).
With KR = 1 the corner frequency is about 40 kHz (Figure 10), and with the second value
(KR = 0.2) one gets a corner frequency of the closed loop system of 7.5 kHz.

Electricity 2023, 4, FOR PEER REVIEW 9 
 

 

  
Figure 10. Buck-derived battery charger, closed loop with P-controller: simulation circuit, Bode 
plot (solid line: gain response, dotted line: phase response). 

Figure 11 shows the step response of two different controller gains (KR = 1, KR = 0.2). 
With KR = 1 the corner frequency is about 40 kHz (Figure 10), and with the second value 
(KR = 0.2) one gets a corner frequency of the closed loop system of 7.5 kHz. 

  
Figure 11. Buck-derived battery charger, closed loop with P-controller, step response: KR = 1 and KR 

= 0.2. 

Figure 12 shows the influence of a reference value step and of an input voltage step. 
The reference value step does not lead to a steady-state error, but the voltage step leads to 
one.  

  
Figure 12. Buck-derived battery charger, closed loop with P-controller KR = 0.2, influence of input 
voltage change: simulation circuit, step response. 

From the disturbance transfer function one can calculate the disturbance Dist accord-

ing to 
mA5.1V05.0

V482.0

29.0
1

1

0 


 U
UK

D
Dist

R , represented by 1.5 mV in the simula-
tion. That means that the error is 1.5 mA. Please keep in mind that in our simulation cur-
rents are represented by voltages. 

The error is only 3%. A change in ΔU1 of 1 V would result in an error of 30.2 mA (or 
an error of 60%)! 

The integrating plant also integrates the disturbance and therefore a steady state er-
ror occurs caused by the input voltage!  

The easiest way to reduce the error is to use a disturbance feedforward. This is per-
formed by including an edge with the value –K(s) between the disturbance U1(s) and the 

Figure 11. Buck-derived battery charger, closed loop with P-controller, step response: KR = 1 and
KR = 0.2.

Figure 12 shows the influence of a reference value step and of an input voltage step.
The reference value step does not lead to a steady-state error, but the voltage step leads
to one.
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Figure 12. Buck-derived battery charger, closed loop with P-controller KR = 0.2, influence of input
voltage change: simulation circuit, step response.

From the disturbance transfer function one can calculate the disturbance Dist according
to Dist = D0

KRU1
∆U1 = 0.29

0.2·48 V 0.05 V = 1.5 mA, represented by 1.5 mV in the simulation.
That means that the error is 1.5 mA. Please keep in mind that in our simulation currents are
represented by voltages.

The error is only 3%. A change in ∆U1 of 1 V would result in an error of 30.2 mA (or
an error of 60%)!

The integrating plant also integrates the disturbance and therefore a steady state error
occurs caused by the input voltage!

The easiest way to reduce the error is to use a disturbance feedforward. This is
performed by including an edge with the value −K(s) between the disturbance U1(s) and
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the input of the converter D(s) into the signal graph (Figure 13). IL*(s) describes the desired
value and IL(s) the actual value. The output IL(s) is therefore influenced by the input
voltage in two ways: directly by the disturbance connection GIU(s) (16) and by the new
path −K·GID(s), with GID from (15).
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Figure 13. Signal flow graph of the controlled Buck-derived charger with disturbance feedforward.

The current change at the output caused by the input voltage change is therefore

IL(s) = [GIU(s)− K(s)·GID]·U1(s). (20)

To compensate for the influence of changes at the input voltage, the terms within the
rectangular brackets must be zero. The compensator K can be calculated according to

K(s) =
GIU(s)
GID(s)

=
D0

U1
. (21)

The compensation is more efficient when the input voltage is high. Figure 14 shows
the simulation circuit and the response of the output current concerning a reference value
step and step changes of the input voltage. The disturbance feedforward compensates
for the influence of the changes of the input voltage. The compensator is included in the
arbitrary voltage source B3.
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Figure 14. Buck-derived charger with disturbance feedforward: simulation circuit and step responses.

Summarizing, one can say that the P-controller should be extended by a disturbance
feedforward, to avoid a pronounced error caused by input voltage changes.

3. Simple Boost Battery Charger

When the solar generator output voltage is lower than the voltage of the storage
device, a step-up converter has to be used. Figure 15 shows the circuit diagram. The coil LO
smoothes the output current. Parallel to the output connectors (3, 4) a small capacitor (not
drawn) can be mounted. Parallel to the input connectors (1, 2) a capacitor CIN is connected.



Electricity 2023, 4 226Electricity 2023, 4, FOR PEER REVIEW 11 
 

 

 
Figure 15. Boost converter battery charger. 

When the active switch is on, the input voltage is across the inductor and the current 
rises. When the current reaches the upper limit, the active switch is turned off and the 
current decreases, because the difference between the input and the output voltages, 
which is negative, lies across the inductor. When the lower current limit is reached, switch 
S is turned on again. With the difference between the upper and the lower limit ΔI, the on 
and off times can be calculated according to 

1U

I
LTon



 

(22)

12 UU

I
LToff 


 . (23)

This leads to the switching period 

 122

12

122

2

UUU

UU
IL

UU

I
L

U

I
LT












 

(24)

and to the switching frequency 

 
12

122

2

1

UU

UUU

IL
f





 . (25)
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Figure 15. Boost converter battery charger.

When the active switch is on, the input voltage is across the inductor and the current
rises. When the current reaches the upper limit, the active switch is turned off and the
current decreases, because the difference between the input and the output voltages, which
is negative, lies across the inductor. When the lower current limit is reached, switch S is
turned on again. With the difference between the upper and the lower limit ∆I, the on and
off times can be calculated according to

Ton = L
∆I
U1

(22)

To f f = L
∆I

U2 −U1
. (23)

This leads to the switching period

T = L
∆I
U2

+ L
∆I

U2 −U1
= L∆I

2U2 −U1

U2(U2 −U1)
(24)

and to the switching frequency

f =
1

L∆I
U2(U2 −U1)

2U2 −U1
. (25)

3.1. Determination of the Desired Current Value

To optimize the charging, the desired current value should be near to the maximum
power point value. This value has to be found with a maximum power point (MPP) tracker.
The charging current ILOAD is connected to the MPP current IMMP by the charge balance of
the capacitor C

ILOADTon = (IMPP − ILOAD)To f f . (26)

Toff is the difference between the switching period and the on-time of the active switch.
Inserting (22) and (23) leads to

ILOADL
∆I
U1

= (IMPP − ILOAD)L
∆I

U2 −U1
. (27)

The charging current is dependent on the MPP-current and the input voltage (which
is the resulting MPP value) and the constant output voltage according to

ILOAD = IMPP
U1

U2
. (28)

This result is correct, because in the ideal case the input power and the output power
must be equal.
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3.2. Design of the Inductor

The shortest on-time occurs when the voltage is at its maximum (we take the maximum
at the MPP). When one fixes the minimum on-time to Tonmin and fixes the maximum current
ripple, one gets the value of the coil according to

L =
U1maxTonmin

∆I
. (29)

The current at the input has the same current ripple. This ripple current produces a
voltage ripple across the input capacitor which is the sum of the voltage across the (ideal)
CIN and the voltage drop across the series resistor of the capacitor RCIN.

∆uCIN =
1

CIN

T
2

∆I
2

+ RCIN∆I. (30)

Inserting the switching period (24) one gets

CIN =
1

4(∆uCIN − RCIN∆I)
L(∆I)2 2U2 −U1

U2(U2 −U1)
. (31)

The output capacitor which is in parallel to the load forms a short-circuit for the
pulse frequency. The load cannot be directly connected to the output connectors (3, 4),
but connected via cables. If needed, one can improve the converter (reducing the current
ripple) by an additional inductor L2.

During the on-time of the active switch no energy is transferred from the input side to
the output side. The mean current through the second inductor is equal to the load current
which charges the battery. This current discharges the capacitor C. At the lowest input
voltage, the on-time has its maximum.

The voltage across C decreases by the value

∆uC =
1
C

Ton,max∫
0

ILoaddt. (32)

The capacitor must therefore be larger than

C =
1

∆uC
ILoadL

∆I
U1min

. (33)

3.3. Dynamics

The battery voltage is changing very slowly. So, one can consider the output voltage
U2 constant. The change in the inductor current during mode M1 can therefore be written
according to

diL
dt

=
u1

L
. (34)

In mode M2 one can write
diL
dt

=
u1 −U2

L
. (35)

Using a fixed frequency and the duty cycle d, one can combine the two equations
according to

diL
dt

=
u1 −U2(1− d)

L
. (36)

Inserting the perturbation ansatz leads to

d
∧
i L

dt
=

U1 +
∧
u1 −U2 + U2

(
D0 +

∧
d
)

L
. (37)
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The differential equation for the perturbation around the operating point is now

d
∧
i L

dt
=

∧
u1 + U2

∧
d

L
. (38)

The connection of the operating point values can be found from

U1 −U2 + D0U2 = 0. (39)

This leads to the well-known equation

U2 =
U1

1− D0
. (40)

The signal flow graph of the converter can now be drawn (Figure 16), IL*(s) again
describes the desired value and IL(s) the actual value.
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The transfer function between the inductor current and the duty cycle (Figure 17) is
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The transfer function between the current through the inductor and the input voltage
(Figure 18) is
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3.4. P-Controller

From the signal flow graph (Figure 16) and from the control transfer function one can
see that a P-controller is sufficient to control the charger.

Figure 19 shows the open loop transfer function of the boost converter with a controller
gain of KR = 1. The open loop shows integral behavior, a line which is falling with
−20 dB/decade.
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The closed loop Bode diagram is shown in Figure 20 with KR = 1. As expected, a PT1
behavior occurs.



Electricity 2023, 4 230Electricity 2023, 4, FOR PEER REVIEW 15 
 

 

  
Figure 20. Closed loop transfer function of the Boost converter, controller gain KR = 1: simulation, 
Bode plot (solid line: gain response, dotted line: phase response). 

One has to keep in mind that the time constant of the controlled system should be 
larger than the switching period of the converter. The controller gain should therefore be 
reduced. Figure 21 shows the step response for KR = 1 and for KR = 0.1. The time constant 
is longer in the second case. In both cases there is no overshot, no ringing, and no station-
ary error. 

  
Figure 21. P controlled Boost converter step response: KR = 1, KR = 0.2. 

Here, we studied the influence of the input voltage. From the disturbance transfer 
function (44) one can recognize that a steady state error will occur. Figure 22 shows the 
influence of the change in the input voltage. A change in the reference value leads to no 
error, but a change in the input voltage leads to an error of the current. The smaller the 
controller gain, the larger is the current error. 

  
Figure 22. P controlled Boost converter, reference value and input voltage step, step response: KR = 
1, KR = 0.2. 
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Figure 20. Closed loop transfer function of the Boost converter, controller gain KR = 1: simulation,
Bode plot (solid line: gain response, dotted line: phase response).

One has to keep in mind that the time constant of the controlled system should be
larger than the switching period of the converter. The controller gain should therefore
be reduced. Figure 21 shows the step response for KR = 1 and for KR = 0.1. The time
constant is longer in the second case. In both cases there is no overshot, no ringing, and no
stationary error.
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Figure 21. P controlled Boost converter step response: KR = 1, KR = 0.2.

Here, we studied the influence of the input voltage. From the disturbance transfer
function (44) one can recognize that a steady state error will occur. Figure 22 shows the
influence of the change in the input voltage. A change in the reference value leads to no
error, but a change in the input voltage leads to an error of the current. The smaller the
controller gain, the larger is the current error.
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Figure 22. P controlled Boost converter, reference value and input voltage step, step response: KR = 1,
KR = 0.2.

The easiest way to improve the behavior is to use a disturbance feedforward to reduce
the error. As shown in (21) the feedforward compensator can be calculated by dividing the
influence of the disturbance by the transfer function of the plant to be controlled. So, one
writes for the compensator

K =
1
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=
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U2
. (45)
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The higher the output voltage, the better will be the compensation. Figure 23 shows
the simulation circuit for the disturbance feedforward and the reaction to a reference value
step (0.5 A) and two steps of the input voltage (1 V). No error occurs now.
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Figure 23. Boost charger with disturbance feedforward: simulation circuit and step responses.

Figure 24 shows a circuit-oriented simulation with a P-controller. The controller is
realized by the OPA (operational amplifier) U2, the PWM modulator by the comparator
U1. The current through the inductor is measured with the help of V3 and H1. The output
signal of H1 can be filtered or better sampled in the middle of the on-time to obtain the
mean value of the current. Figure 25 shows the input voltage, the reference value, and the
current through the coil. A good match between the reference and the actual values can be
achieved. The switching frequency is 100 kHz and is determined by the signal triangle.
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3.5. Hysteresis Controller

Figure 26 shows the simulation circuit of the hysteresis-controlled Boost converter.
The current is measured by the voltage source V3 and transferred into the measurement
signal I_mes. The controller is realized by the comparator U1 which has to be supplied
with plus/minus 5 V. The width of the hysteresis is fixed by the resistors R1 and R2. The
reference current is produced by the voltage source V4. With the piecewise linear voltage
source V9, a start signal is generated. With this signal one can achieve that the clocking of
the transistor starts after a possible inrush current when the system starts. In the depicted
case the output voltage is higher than the input voltage; therefore, no inrush current occurs.
The voltage-controlled voltage source E1 simulates the driver (the factor 10 multiplies
the output of the AND-gate A1 by the factor ten to generate a sufficient gate signal for
the MOSFET).
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The hysteresis controller leads to a very robust system. Figure 27 shows the behavior
of the system. Steps of the input voltage have no influence on the current. Changes (ramps
of the reference value or reference value steps) lead to an immediate reaction of the current.
No overshot or ringing occurs.
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4. Conclusions

The potential damage of long blackouts for the economy and for the households is
obvious. Therefore, it seems useful to integrate a small independent emergency DC-grid
into private houses to fill the gap when the public mains are disrupted. Simple batteries



Electricity 2023, 4 233

can be used as storage devices. The storage capacity depends on the loads which have to
be supplied. The chargers described here have a simple topology and are derived from
the DC-DC Buck and Boost converters. Due to the constant output voltage, the chargers
can be described as first order systems with integral behavior. Therefore, P-controllers
can be used. The disturbance transfer functions show, however, that a steady-state error
will occur when the input voltage changes. The disturbance feedforward method can be
used to improve the system. Another controller concept is the hysteresis controller. This
concept is very robust concerning parameters and input value changes and corrects the
actual value immediately. The effort for realizing such a home emergency DC-grid is low
and the controllers for the chargers are resilient and easy to implement. Additionally, the
system is immune to cyber-attacks. The storage capacity of this additional DC-grid can
be used in accordance with a DC-AC converter to supply the AC mains of the household
with the excess energy (e.g., from the solar generators when the storage devices are fully
charged) to reduce the energy costs.
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