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Abstract 

 

Power packet (PP) distribution system distributes power to different loads that share the same distribution cable in a 
packetized form. When compared with conventional power systems, a PP distribution system (PPDS) can reduce standby power, 
eliminate Point-of-Load (PoL) power conversion, and intelligently control the load demand from the source side. Due to the 
absence of PoL conversion, when multiple power sources at different voltage levels and conditioning requirements jointly send 
power to various loads at different voltage ratings, the generated voltage has an irregular shape. A large filter at each of the load 
sides is required to reduce such a large voltage ripple. In this paper, a single-inductor, multiple-input-single-output converter 
structure based multiple-energy-source mixer is proposed. It combines PP generation, maximum power point tracking (MPPT) of 
renewable energy sources (RESs) and filtering at the source side. To demonstrate the possible renewable energy integration, a 
PV panel is used as a power source together with other constant voltage sources. The PV power is approximately tracked using 
the constant voltage method and it is used for each of the PP generations. The proposed PP distribution system is experimentally 
verified and it is shown that a conventional PI controller is sufficient for stable system operation. 
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I. INTRODUCTION 

The utilization of renewable energy sources has increased 
significantly since it is an effective way to reduce fossil fuel 
consumption. Nevertheless, the inherent challenges of power 
generation from RESs include intermittency, uncertainty and 
complex power management when integrated with existing 
electricity infrastructures. The employment of the microgrid 
concept to solve this issue has become popular nowadays. 
The microgrid concept is applicable to both AC and DC 
power systems [1]. DC grids offer a more efficient power 
conversion [2]-[4] when compared to AC grids when RESs 

are installed locally. This is due to the fact that most RESs, 
especially in residential areas, for example PV, fuel cell, etc. 
generate DC power. In DC distribution systems, the extra 
power dissipation due to conventional DC/AC and AC/DC 
conversions can be avoided. Therefore, DC distribution is 
considered in this paper. 

Effective power management is essential for microgrids in 
terms of proper power distribution and system stability [5]. A 
complex central power management scheme is adopted in 
smart grid systems to manage the power on the load side [6], 
[7]. Although a smart automation system is adopted, 
unpredictable load change behavior affects the power flow 
management [6], [8]. An energy internet (EI) was recently 
introduced where energy can be transferred safely in a 
packeted manner according to certain requirements. While 
smart grids are focused on the intellectualization and 
informationization of conventional grids, an EI can be 
considered as Smart Grid 2.0 [6], [9]. It is capable of sending  
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Fig. 1. Power packet structure [17]. 
 
packeted energy and delivering it to different addresses 
depending on the demands of energy routers. It uses the 
status of sources and loads to choose the best pathway for 
sending energy packets. It can be a good solution for complex 
power networks that need to balance power generation and 
demand [9]. 

The packetized power scheme implements an approval 
process that is in place for loads intended to tap onto power 
lines [10]. This can assure system security and stability. An 
efficient power flow control can also be ensured using this 
method [11]. It is not obvious in the PPDS reported in 
[12]-[15], converting from the input voltages to a standard 
voltage level, which is one of the main features of PPDS. 
Hence, eliminating an intermediate voltage conversion stage 
increases the overall power distribution efficiency. Loads are 
only connected to a distribution line when it receives the 
demanded payload. This makes the PPDS less "congested" 
and safer when compared to existing power distribution 
systems [6]. A separate communication channel can also be 
used to transfer the information required for effective payload 
generation and distribution. Hence, payload generation is 
very important in power packet distribution system. 

Each PP consists of a header and a footer as shown in Fig. 
1. They carry information of the power distribution and 
payload which is the actual load power to be transferred. A 
PP distribution system (PPDS) includes a mixer and a router. 
In the PPDS, pulse power is generated from a DC source. An 
information tag can be attached electrically to the generated 
voltage waveform. The attached information tag is used to 
identify and distribute the demanded payload to the requested 
load. In [16], two different router structures are reported. One 
can route a power packet to a load directly and another is 
capable of forwarding the received power packet to another 
router by attaching an information tag. A modified power 
packet format is presented in [17], with reduced the footer bit 
to reduce the transitional switching loss. 

A single DC power source is used while generating each 
payload using the mixer reported in [14], [18]. The DC 
sources can be obtained from rectified AC voltage sources 
such as an AC grid, diesel generator or wind turbine generator. 
To enable the integration of multiple DC sources, for example 
a mix of conventional and RESs, the PP system should be 
capable of combining these sources for each PP generation. 
However, since the sources are likely to be operated at 
different voltages, the PP generated from mixing these sources 
will not be smooth or regulated. 

A single-inductor multiple-input-single-output buck converter 
based mixer is proposed to share power from different energy 
sources. In addition, internal filtering of the converter is used 
to smooth and regulate the PP voltage. The multi-input buck 
converter topology reported in [19]-[24] is adopted in this 
paper for the purpose of developing a mixer for a power 
packet distribution system. Nevertheless, a modulation scheme 
that is different from that in [19]-[24] is proposed in this 
paper. This is mainly due to the mixing and optimizing of DC 
and renewable energy sources and output power packet 
generation. A switching scheme is reported in [22] for 
multi-input converters. This scheme is presented to eliminate 
the requirement of having the unequal input voltage sources 
of multi-input converters. The effective duty cycles of 
switches are an integer multiple of a common duty ratio 
(CDR) generated by frequency division at a higher frequency 
[22]. Hence, it allows a single PI controller to control the 
output voltage utilizing a CDR as the only control variable 
[22]. A closed loop dual–input buck converter was modeled 
and analyzed in [23] to propose a novel approach for a close 
loop regulator design to achieve proper power management 
of multi-input converters. A systematic theoretical circuitry 
analysis of an input capacitor added multi input buck 
converter is carried out in [24], which derived a series of 
generalize equations to describe the electrical behaviors and 
characteristics of circuits considering the equivalent series 
resistance of the input sources of multi-input converters. 
However, in these papers, fixed DC sources are used as 
power sources. It should also be noted that the buck 
converters in [19]-[24] are used for variable continuous 
output voltage and fixed output voltage. We extended the usage 
of the multi-input buck converter to condition renewable 
energy sources and generate power packets, namely, pulsating 
and variable output voltage pulses. 

The idea of mixing power sources is introduced in [25]. 
This paper extends this idea by conducting a stability analysis 
of the mixer to confirm the stable operation of the mixer 
where the mixer is able to smoothly integrate multiple energy 
sources and operate stably under different conditions, such as 
PV shading and load demand changes. 

In the system proposed in this paper, preferences can be 
given to specific RESs. In an experiment, a PV panel and 
another power source are mixed and used while in [14], [18] 
only ideal DC power supplies are considered. This paper 
demonstrates that MPPT and power mixing can be achieved 
simultaneously. To simplify the system design and sufficiently 
demonstrate the system operation, this paper adopts an 
approximate voltage MPPT method. However, an accurate 
MPPT method is also achievable using this system. In this 
paper, each payload is predefined and distributed alternately. 
Since the focus of the paper is on power mixing and 
distribution processes, the information tag is omitted. 

This paper is organized as follows. The mixer configuration  
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Fig. 2. Power packet distribution system: (a) Mixer presented in 
[14], (b) Proposed mixer, (c) Proposed mixer circuit diagram.  
 
is described briefly in Section II. In Section III, the proposed 
mixer operation principle for PP generation is presented. A 
stability analysis is discussed in Section IV. Experimental 
verifications of the proposed mixer are given in Section V. 
Finally, some conclusions are given in Section VI. 

 

II. MIXER CONFIGURATION 

A PPDS consists of a mixer and a router. The mixer 
generates PPs according to the load demand, whereas the 
router distributes them to the designated loads. The routing 
information can be transferred through a separate 
communication cable or by attaching it electronically with the 
payload which is the actual power supplied to loads. Since, 
the load power is distributed in a packetized manner, time 
division multiplexing (TDM) is applied to avoid the payload 
overlapping. Using the mixer reported in [14], each PP can 
only be generated through a single source at a particular 
voltage level to match the load voltage as shown in Fig. 2(a). 
Hence, multiple voltage sources at distinct voltages cannot 
simultaneously generate a PP at a single voltage level. To 
solve this problem a mixer is proposed and shown in Fig. 2(b). 

The proposed mixer has power sharing capability between 
multiple sources and can generate PPs at distinct voltage  
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Fig. 3. Schematic of power packet generation waveforms.  
 

levels to fulfill load demands which are smooth and regulated. 
Another good feature of the proposed mixer is that it can 
prioritize the RESs for power sharing in every PP generation 
which can maximize RES utilization. A circuit diagram of the 
proposed mixer is shown in Fig. 2(c). Internal filtering 
functionality enables the proposed mixer to generate PPs at 
different voltage levels. 

 

III. PROPOSED MIXER OPERATION PRINCIPLE 

The proposed mixer operation principle, which utilizes 
available energy sources for power packets generation at 
distinct voltage levels, is explained below. The MPP voltage 
of a PV module is . Each voltage source (  to ) can 

contribute power alongside the PV while generating PPs at 
distinct voltage levels as shown in Fig. 3. In the analysis, it 

has been considered that  shares power with , while 

generating PPs at the voltage level ,  according to the 

following equation by changing the duty cycle. 

, = 	 +     (1) 

The controller maintain the voltages  and ,  by 

adjusting  and , respectively. In each switching cycle, 

three different switching modes appear as follows: 

A. Switching Mode 1( ) 

In this mode, the switch  is turned on while switch  

is turned off to supply energy from the PV. The mixer 
equivalent circuit in this mode is shown in Fig. 4(a). The 
corresponding equations for Switching Mode 1 are as follows. 

	 = −
	 , = − ,= − ,

    (2) 
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Fig. 4. Power packet generation equivalent circuit during one 
cycle: (b) Switching mode 1, (c) Switching mode 2, (d) 
Switching mode 3. 

B. Switching Mode 2 ( ) 

In this mode, the switch  is turned on while the switch 

 is turned off. ,  supplies energy to the inductor. The 

mixer equivalent circuit in this state is shown in Fig. 4(b). 
The equations associated with this mode are given in (3). 

	 =
	 , = − ,= − ,

     (3) 

C. Switching Mode 3(1 − − ) 

In this state, the switches  and  are turned off. An 

equivalent circuit of the mixer in this state is shown in Fig. 
4(c). In this state, inductor L dispatches its stored energy. The 
corresponding equations for Switching Mode 3 are given in 
(4). 

	 =
	 , = − ,= − ,

     (4) 

 

IV. STABILITY ANALYSIS OF THE MIXER 

Small-signal modeling is an important method to analyze 
the dynamic behavior of the proposed mixer. To properly 
design and analyze the stability of the controller, it is 
necessary to extract a dynamic model of the mixer around the 
designated operating point. The proposed payload generator 

is controlled by the switches  and , while generating 

PPs at the voltage , . By adjusting the duty cycle of , the 

voltage across the PV can be adjusted. On the other hand, 
payload voltage levels can be generated by adjusting the duty 

cycle of  to .  controls the PV voltage and helps 

achieve the payloads of different voltage levels by working 
with  to  depending on the load demand. For each 

power packet generation, two control variables hence two 
controllers are required. One is to control the PV voltage and 
the other is to control the output voltage. Each of the PPs can 
be generated by sharing power from the PV with other power 
sources. In the proposed design, preferences are given to the 
PV to share power in each of the PP generations to maximize 
renewable energy intake. According to small signal modeling, 
the input voltage, state variables and duty ratios have two parts. 
The two parts are perturbations and dc values. Hence, for the 
proposed power packet generation system (5) is obtained. A 
dynamic model of the mixer while generating a payload is 
derived as below: ( ) = ⦁( ) +( ) = ⦁ ( ) +, ( ) = ,⦁ ( ) + ,( ) = ⦁ ( ) +( ) = ⦁( ) +( ) = ⦁( ) +( ) = ⦁ ( ) +

             (5) 

For the controller design, the capacitor voltage across the PV ( ) along with the output capacitor voltage , ( ) and 

inductor current ( ) are state variables. Applying averaging 
to (2)-(4) and multiplying them by their corresponding 
effective duty cycles, equation (6) can be obtained. 
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 	 = + 1 − − + −

	 , = − ,= − , + − ,− 1 − − ,
  (6) 

Substituting (5) into (6) yields (7). 

	 ⦁ = + ⦁ ( ) − ⦁( ) − ⦁ ( )− ⦁ ( ) ⦁( ) − 			 ,⦁ = ⦁( ) + − ,⦁ ( ) − ,⦁ = + ⦁( ) + ⦁ ( ) + ⦁ ( ) ⦁( )+ 			+ ⦁ ( ) + ⦁ ( )+ ⦁ ( ) ⦁ ( ) − ,⦁ ( ) − ,
    (7) 

Ignoring the second order term and considering ⦁ ( )= 0, 

(8) can be obtained from (7). 

	 ⦁ = + ⦁ ( ) − ⦁( ) − ⦁ ( ) −																																																 ,⦁ = ⦁( ) + − ,⦁ ( ) − , 			⦁ = + ⦁( ) + ⦁ ( ) ++ ⦁ ( ) − ,⦁ ( ) − , 	
  (8) 

From (8), dc and small signal models can be found which 
are shown in (9) and (10), respectively. 0 = −		0 = − , 																											0 = + − ,            (9) 

	 ⦁ = ⦁ ( ) − ⦁( ) − ⦁ ( )		 	 ,⦁ = ⦁( ) − ,⦁ ( )																									⦁ = ⦁( ) + ⦁ ( ) + ⦁ ( ) − ,⦁ ( )	    (10) 

In the proposed control scheme, + 	 1. From (9), 

the following relation can be obtained. 

, = +             (11) 

From (11) it can be observed that , ϵ[0, max( , )]. 

From this relationship it can be seen that the demanded 
output voltage level can be varied from zero to the maximum 
of the supply voltage. A power packet having a voltage rating 
within this limit can be demanded in this proposed structure. 
Eqn. (10) is in the time domain. Transferring this to the 
s-domain yields (12). 

	 ⦁( ) = ⦁ ( ) − ⦁( ) − ⦁ ( )		 	 ,⦁ ( ) = ⦁( ) − ,⦁ ( )																									⦁( ) = ⦁( ) + ⦁ ( ) + ⦁ ( ) − ,⦁ ( )	  (12) 

From (12), Eqns. (13) and (14) can be obtained. 

 

(a) 

 

(b) 

 

(c) 

Fig. 5. Bode plots: (a) Bode plots of ∗ 	∗ 	G (s), (b) Bode 
plots of ∗ 	∗ 	G (s) , (c) Bode plots of ∗ 	∗	G (s). 

 ( ) = ⦁( )⦁ ( ) ⦁ ( )⦁ ( ) 																																
= − ( )  (13) 

( ) = ,⦁ ( )⦁ ( ) ⦁ ( )⦁ ( ) 																												
=  (14) 

In this design, the voltage levels of the DC power supplies 
are used as =15V and = 36V, which are used to 

generate PPs at the two different voltages of , =12V and , =24V, respectively. A bode diagram of the transfer 

functions of the system obtained in (13) and (14) are shown 
in Figs. 5(a), 5(b) and 5(c). From these figures it can be seen  
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Fig. 6. Hardware setup and P-V curve of the solar panel: (a) Mixer circuit diagram used in the experiment, (b) Hardware setup, (c) P-V 
curve of the solar panel used in the experiment. 
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Fig. 7. Control circuit schematic (Controller1 sends a PWM signal to  to control the voltage across the PV, Controller2 sends a PWM 
signal to  while generating ,  power packet, and Controller3 sends a PWM signal to  while generating ,  power packet). 

 
that the systems are stable using PI close loop controllers 
with K  = 5, K  = K  = 0.0004, and K  = 100, K  = 20, K  = 5 where the phase margins are 49.2, 95.7 

and 96.1 degrees. The scaled feedback voltages F  = k V , F  = k V ,  and F  = k V ,  are used where the scaling 

factor k  = 0.1 is being used. The PWM modulator gain of 
the IC is F  = 0.4. 

 

V. EXPERIMENTAL VERIFICATIONS 

To verify the proposed mixer and controller, a laboratory 
prototype having three inputs, as shown in Fig. 6(a), is built 
and shown in Fig. 6(b). The following circuit parameters are 
used:  = MPP voltage of the PV panel (12V),  = 15V, 

 = 36V,  = 470µF, L = 0.1mH, R = 10Ω,  =  

= 1.2 and  = 2.4. Inductor ( ) can be chosen according to 

the requirements discussed in the appendix. A P-V 
characteristic curve of the solar panel used in the experiment 
is shown in Fig. 6(c). In the experiment, PPs with voltage 
ratings of 12V and 24V are generated. It is assumed that the 
load requests alternate the power packets at two different 
voltage rating. Hence, in the experiment, a pulsating signal is 
used to mimic a power packet request signal between the two 
voltages alternatively. In this experiment, a single load is 
used to receive both 24V and 12V PP. This is done to 
simplify the receiving end by omitting the router function and 
focusing on the proposed mixer performance. The control 
circuit is shown in Fig. 7. 

To implement the PV voltage and power packet voltage 
regulation a PWM generation controller IC-SG3525 is utilized. 
Halogen lamps are used to artificially illuminate the PV 
module which can be seen in Fig. 6(b). It can be clearly seen  
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from Fig. 6(c) that the MPP voltage is almost 12 V. To control 
the PV voltage, an approximate MPPT technique is used, 
which utilizes a PI controller. A switching frequency of 90kHz 
is used in the experiment. The PV shares power in every PP 
generation as long as the PV voltage and output voltage 
conditions are satisfied. Therefore, power is shared from any 
voltage sources and the PV while generating every PP. 

Load Current
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Fig. 9. Effect of change in load demand and PV generation: (a) 
24V PP generation while changing the load demand, (b) 24V PP 
generation during PV shading. 
 

It can be seen from Fig. 8(a) that PPs at 12V and 24V are 
alternately generated as shown in CH3. Two different load 
currents are shown in CH4 during PPs generation at two 
distinct voltage levels. The PV voltage is maintained at 12V 
to attain approximate MPPT and a constant PV current is 
shown in CH1 and CH2, respectively in Fig. 8(a). The 
voltage shape is irregular before filtering, while a smooth 
output voltage is generated because of the internal filtering of 
the proposed mixer. 
The switching signal  and  are shown in CH1 and CH2 

in Fig. 8(b).  is used to control the PV voltage and  is 

used in 24V power packet generation. A smooth 24V power 
packet is generated as shown in CH4, while the PV voltage is 
maintained at 12V which can be seen from CH3 in Fig. 8(b). 
Similarly, a constant 12V power packet is generated by 
controlling the switch  while the PV voltage is maintained 

at a desired level by controlling . From Fig. 8(b) and 8(c), it 
can be seen that the duty cycle  is larger while generating a 
12V power packet than it is while generating a 24V PP. The 
PV voltage needs to be maintained at a desired level and at the 
same time the output voltage equation presented in (1) needed 
to be satisfied. 
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Fig. 11. Inductor currents for different inductors. 
 

Fig. 9(a) shows the mixer performance during a change in 
the load demand when generating a 24V PP. Initially, the 
load resistance is 20Ω. Afterwards, a 15Ω resistor is added in 
parallel with the load. From CH1 and CH3 of Fig. 9(a) it can 
be seen that the voltage across the PV and the load voltage 
are maintained at desired levels even though the load current 
is changed as shown in CH4. The PV current, as shown in 
CH2, is kept constant during the transient response. This is 
due to fact that the difference between the PV current and 
load current is supplied by the voltage source  while the 

PV and voltage source  share power while generating a 

24V power packet. This is an inherent feature of the 
converter operating in the CCM which automatically adjusts 
the current [26]. 

Finally, the mixer performance during the PV partial 
shading condition is validated as shown in Fig. 9(b), while 
generating a 24V power packet. A fixed load R = 10Ω is used 
in this case. Partial shading is applied over the PV panel to 
check that it can maintain the MPP while satisfying the load 
demand by sharing power with other sources. CH1 and CH2 
of Fig. 9(b) depict the voltage across the PV and PV current. 
It can be seen that there is a change in the switching signal of 
the switch , which is shown in CH3. The load current 
remains constant as shown in CH4 (Fig. 9(b)). 

 

VI. CONCLUSIONS 

A single-inductor multiple-input-single-output converter 
based mixer is proposed for power packet distribution system. 
The power mixing capability of the proposed mixer allows 
for the generation of PPs by sharing the power from more 
than a single source. The proposed control scheme is designed 
in such a way that the PVs can get preference to share power 
while generating PPs. The stability of the mixer is analyzed 

to demonstrate the power mixing feature of the proposed 
mixer while power conditioning and voltage regulation are 
maintained simultaneously. A hardware prototype with a 
close loop system is analyzed and the PP voltages are 
controlled by a PI controller. In addition, the PV voltage is 
regulated using a PI controller by adopting an approximate 
MPPT technique which is experimentally verified for the 
proposed mixer. Preference can be given to renewable power 
sources that can maximize renewable energy utilization. The 
internal filtering capability of the proposed mixer can 
generate smooth and regulated PPs at a desired voltage level. 
While generating PPs, the controller can adjust the duty 
cycles when there is a change in the load demand or PV 
shading. Any number of power sources at different voltage 
levels can be utilized to generate PPs at different voltage 
ratings. In addition, the controller can be designed using the 
small signal model derived in this paper. The proposed mixer 
structure for PP generation can be applied in many areas such 
as electric vehicles, smart home power management and 
microgrids. 

 

APPENDIX 

The inductor can be chosen using an equation reported in 
[21]. For two inputs mixer critical inductance, ( ) can be 
calculated using equation (A1).  

	 = (− + 2 ) , + − + + 2 ,−1  

         (A1) 

where R and f are the load resistance and switching frequency, 
respectively.  

Assuming , =12V, =15V and =36V, equation (A2) 

can be found from (1). 15 + 36 = 12		 						 0 0.80 0.33     (A2) 

For different combinations of  and ,  is different 

as can be seen from Fig. 10. To show a properly critical 
inductance and duty cycle at the same scale, the critical 
inductance is multiplied by a scaling factor of 10 . For 
example, when =0.4 and =0.167, then for R=10Ω and 

f=90kHz, the critical inductance  can be found using (A1), 
which is 17.59µH. The inductor currents for different values 
are shown in Fig.11. It can be seen that the mixer is in the 
CCM mode when the inductor value is higher then  and 
that it is in the DCM mode when the inductor value is lower 
then . 
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