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Abstract 

 

Hybrid Energy Storage System for DC Nano-grids 

 

Zaid Hamed Zaid 

 

 

Solar photovoltaic (PV) panels and wind turbines are two commonly employed Renewable 

Energy Sources (RESs). Their main drawback is that they are stochastic and fluctuating sources. 

Roof-top PV is easier to install and operate in the urban environment. Due to the variable nature 

of RESs, an energy storage system (ESS) is used to solve the problem of mismatches between the 

variable power generation and load demand in standalone/islanded systems. The ESS is employed 

to store surplus energy and supply it back to the system when needed. The most common ESS 

applied in standalone PV systems is based on batteries. Batteries, in general, have high energy 

density but low power density, giving low charge/discharge rates. Based on the characteristics of 

the batteries, it will not be able to respond optimally to fast changing and high frequency power 

exchanges. One solution to this limitation is by combining batteries and supercapacitors (SCs), 

which can provide high power but have low energy storage capacity, to form a hybrid ESS (HESS). 

A battery-SC combination has been considered in this Thesis. The aim of this combination is to 

reduce the current stresses on the battery occurring due to sudden changes in PV generating and 

load demand. For that, an effective control method is essential for the optimal operation of the 

HESS with varying load demand and PV generation. 

This Thesis discusses a control strategy for a HESS consisting of three proportional plus integral 

(PI) type controllers that control the currents of two bidirectional power electronic converters, one 

for the battery and the other for the SC, connecting them to a common DC bus, whose voltage 

should be regulated. The boost mode has been considered for modeling the class C interface power 

converters and designing the relevant PI controllers. For the sake of determining the reference 

currents for both converters, a low pass filter is used to split the HESS current, required to regulate 

the common DC bus voltage, into low dynamic components for the battery and fast dynamic 

components for the SC. First, the analysis of the ESS with a single element (battery) is used with 
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the PV system and variable load to test the performance of the basic inner current and outer DC 

nano-grid voltage regulation loop. Later, the battery and SC units are used along with the PV 

system to verify whether the current split technique, with fast dynamic to the SC, can provide fast 

regulation of the DC bus voltage while reducing the current stress on the battery. A SC voltage 

control loop has also been designed to keep the SC voltage with a certain reference value. DC 

nano-grids can also be connected to an AC utility grid. This is usually done by means of a single-

phase DC-AC converter that tends to produce a low order voltage harmonic in the DC bus. The 

usual solution based on a large electrolytic capacitor, presents the drawback that this component 

presents a short lifetime. The solution employed in this work was to use the HESS to perform an 

active filtering function, what was accomplished by adding a resonant (R) term to the PI of the DC 

bus voltage loop. The effectiveness of the control scheme is shown by simulation studies in 

MATLAB®/Simulink. Finally, experimental results are provided to verify those described by 

theoretical analysis as well as simulation results.  
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RAPS:  Remote Area Power System. 

ESS:  Energy Storage System. 

RES:  Renewable Energy Source. 

HESS:  Hybrid Energy Storage System. 

NZEH:  Net-zero Energy Home. 

EV:  Electric Vehicle. 

PV:  Photovoltaic.  

BESS:  Battery Energy Storage System. 
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Chapter 1. Introduction 

Hybrid energy storage systems (HESSs) are implemented to support a power system by actively 

supplying or absorbing electric power as well as to have effective and optimal utilization of 

different energy storage elements. The basic idea of an HESS is to combine batteries and 

supercapacitors to achieve a better overall performance. This combination inherently offers better 

performance in comparison to the use of either of them alone. HESSs can improve the performance 

of several applications. They are particularly suitable for stationary applications such as residential 

nano-grids and micro-grids and for transport system such as EVs, trains..etc. 

This combination can effectively solve the issue of varying power and energy fluctuations in a 

number of applications. For that, an effective control method is essential for the optimal operation 

of the HESS with varying load demand. In order to control the average and dynamic power sharing 

between the Battery and the Supercapacitor, there are different control strategies that have been 

reported in literature [1]-[29]. These control strategies include fuzzy logic control, neural networks 

and model predictive control (MPC). El Fadil et al. [29] presented a nonlinear controller technique 

for tight dc voltage regulation and effective SC current tracking for electrical vehicles (EVs) with 

fuel cell and SC. In [28], MPC is implemented to control the HESS currents and to maintain the 

state-of-charge (SOC) of the battery and the SC within predefined limits. However, the drawbacks 

of the proposed method are dependence on the discrete model of the system and cost function. It 

also uses a quadratic programming solver to calculate the optimal control, with significant 

computational time. Dusmez and Khaligh [27] proposed the wavelet-based frequency decoupling 

technique for HESS control in EV application. However, the aforesaid control strategy requires 

larger computational times and resources. In [25], a multimode fuzzy logic based HESS controller 

for PV system was designed and demonstrated the increased battery life. In [19], it is shown that 

the battery lifetime can be enhanced up to four times when it is operated in combination with a 

SC. A decentralized control strategy for dynamic power sharing between the HESS is presented in 

[17]. The proposed method is based on the virtual resistance and capacitance droop coefficients. 

The droop coefficient inherently acts as a low-pass filter (LPF) for the battery and high-pass filter 

for the SC during generation and load variation. However, the above mentioned control strategies 

have drawbacks that they require larger computational times and resources. The basic idea behind 

the above mentioned controller is that the batteries support the temporary slow power fluctuations 
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while the supercapacitors support the high frequency power fluctuations. Kollimalla, Mishra, and 

Narasamma proposed a control strategy for dynamic power sharing between the HESS as 

presented in [1]. The proposed control strategy is simple to implement, effective and does not 

requires large computational time and resources. However, it does not discuss the sizing of the 

storage units and the expected sharing of the compensating currents among the SC and battery 

converters. Neither typical values of the cut-off frequency of the LPF, nor approaches for 

calculating it. While many design considerations have been addressed by researchers, most 

discussions focus on the specific topology used, with not much detail from the system perspective. 

This Thesis discusses the design considerations that should be considered in the development of 

battery and SC HESS topologies such as design approaches for calculating the cut-off frequency 

of the LPF as well as the design of the voltage control loop for the SC. 

With increasing demand of energy, renewable energy sources are gaining popularity all over 

the word. Renewable energy sources can mitigate environmental issues of power generation. 

However, these sources are stochastic and fluctuating in nature. In order to provide back-up power 

when the available power from these sources is not sufficient to meet the load demand, various 

storage systems can be added to the system. Nano-grids provide an easier integration of renewable 

sources and storage units and can be based on AC or DC nano-grids distribution. The nano-grids 

can be operated either in stand-alone/islanded mode or connected to the AC utility system. For 

operation in stand-alone, the renewable energy sources such as PV and storage units should have 

enough power generation and storage capacity to supply the load demand. The system considered 

in this Thesis is a PV source supplying a DC bus with MPPT and having a hybrid energy storage 

system (HESS) to balance power supply and load demand thus regulating the DC bus voltage. In 

order to connect the battery and supercapacitor (SC) of the HESS with the PV system to supply 

power to a DC load, class C DC-DC converters are used for the interfaces. So, power flow can be 

controlled in both directions by controlling the current in the battery and supercapacitor.  

In the grid-connected mode, the power generation can be less and depending on the load 

demand and amount of power generation, power flow can be from the nano-grid to the utility. A 

DC nano-grid is connected to an AC utility through interface converters, what is performed by a 

DC-AC converter or inverter. The single-phase DC-AC grid interface converter provides 

bidirectional power flow, but it draws/injects the expected DC component as well as an undesired 

AC current component, leading to a voltage ripple of twice the AC side fundamental frequency. 
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Usually, a large electrolytic capacitor is used to attenuate the voltage ripple in the DC bus voltage. 

However, this capacitor has a short life. Dong et al. [6] used a high-pass filter and feedback loop 

to suppress the 120 Hz common mode (CM) voltage ripple but it neglected the asymmetric DC 

bus voltage. In Chen, Burgos, Boroyevich, and Xuning [23], an active CM duty cycle injection 

method is proposed to reduce the low-frequency CM voltage ripple and generate symmetric dc-

bus voltages. In Burgos, and Dong [10], the power stage is modeled and a bidirectional control 

system is designed. Besides the conventional PI compensator, a feedforward and a resonant 

controller are used to improve the ac grid side current waveform and to reduce the dc bus output 

voltage ripple with a "notch" filter tuned at the 120 Hz (2nd harmonic). In order for a smaller non-

electrolytic capacitor to be used, some sort of active power filtering is needed. This can be done 

by means of the HESS with a suitable DC bus voltage control scheme as proposed in this Thesis. 

Therefore, the HESS control of [1] has been modified by adding a resonant element at the 

frequency of the disturbance to the PI controller of the DC bus voltage loop, making it a PI+R. 

With a high gain in the DC bus voltage loop at the frequency of the disturbance, it was possible to 

achieve a significant reduction in the 120 Hz voltage ripple of the DC nano-grid. 

The DC nano-grid concept is appropriate for the realization of net-zero energy homes (NZEHs), 

a topic that is drawing lots of interest at this moment and that can also help mitigate the impact of 

Electric Vehicles (EVs) on the low voltage AC distribution system. A basic representation of a 

grid connected DC nano-grid is shown in Figure 1.1.  

 

Figure 1.1: A grid connected DC nano-grid 

AC gridid 

AC Bus 
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1.1 Scope and contribution of thesis 

This Thesis presents a control loop for the energy storage system of a DC nano-grid that takes 

into consideration the impact of the PV power and load demand variations, typical of autonomous 

DC systems, as well as that of AC grid-connected ones. 

The main focus is on the design of a control strategy for a hybrid energy storage system (HESS) 

for various operating conditions for PV generation and load demand. Also, using bi-directional 

DC-DC converters for battery and supercapacitor to supply and absorb electric power depending 

on the operating conditions.   

The main contributions of this Thesis are as follows 

1) Design and testing of a multi-loop control strategy for a hybrid energy storage system 

(HESS). 

2) Split, the dynamic current required from the HESS to regulate the DC bus voltage of the 

nano-grid between battery, slow, and SC, fast.  

3) Selecting a suitable value of the current splitting HPF/LPF (frequency) of a hybrid energy 

storage system (SC + Bat), according to the duration of the SC current contribution, to 

regulate the DC bus voltage.  

4) Design a DC bus voltage control loop to attenuate the 2nd order voltage ripple created by 

the single-phase DC-AC grid interface. 

5) Verification of the system performance by means of simulation and experimental results  

1.2 Thesis outline 

The structure of this Thesis is as follows. 

 

Chapter 2 discusses the control strategy of a hybrid energy storage system (HESS) 

Chapter 3 presents and analyses the selection of the time constant of the HPF as well as the 

design of the voltage control loop to compensate low order harmonics in the DC nano-grid.  

Chapter 4 presents an experimental implementation and results to validate the simulation results. 

Chapter 5 presents the conclusion. 
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Chapter 2. Hybrid Energy Storage System (HESS) 

2.1  Introduction  

An elementary PV system, may have a variable DC bus voltage due to variations in the amount 

of power supplied by the stochastic PV source and demanded by the variable load. An energy 

storage system (ESS) with a bidirectional converter can be used to compensate for unbalances in 

the energy supplied and absorbed in order to keep the voltage fixed across the DC bus. Batteries 

are commonly employed in ESSs, due to their high energy densities [1]. However, because of their 

relatively low power density, they should be controlled with low dynamic responses in order to 

limit their power losses and premature aging. This could result in a poor dynamic behavior for the 

voltage control loop. Conversely, supercapacitors have a high power density but a low energy 

density, making them not suitable for sole use in many ESSs [1], [2]. Therefore, an interesting 

approach is to combine both energy storage elements in a hybrid energy storage system (HESS). 

This increases the energy utilization over the battery life span as well as the dynamic regulation of 

the DC bus voltage. 

 

2.2  Configuration of the DC nano-grid. 

The basic system considered for this research work can be seen in Fig. 2.1 [1]. It consists of a 

PV panel, as a DC energy source, feeding a variable load R, through a DC-DC boost converter. 

This corresponds to the elementary PV system. The DC bus is also connected to the hybrid energy 

storage system (HESS) composed of a battery and a supercapacitor using conventional class C 

bidirectional dc/dc converters. For the class C bidirectional dc/dc converters to work, the voltage 

level at the storage side of the converter must be lower than that at the common DC bus voltage. 

Otherwise, the diodes in anti-parallel with Sw1 and Sw4 conduct and one loses control of the 

power/current flow. The class C converter can operate in two modes: Charging or step-down/buck, 

when the power flows from the common DC bus to the battery or SC, and discharging or step-

up/boost mode, when the power flows from the battery or SC to the common DC bus. This allows 

both the battery and the supercapacitor to regulate the DC bus voltage. The main principle behind 

their action is that they will absorb power when the supply of PV power, assumed to be operating 

with maximum power point tracking (MPPT), exceeds the load demand what should make the 
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output voltage rise. Conversely, they will supply power when the PV cannot fully supply the total 

amount of power demanded by the load. The battery and the capacitor are connected to the main 

DC bus though power electronic interfaces that are controlled with multiple proportional-integral 

(PI) controllers, arranged in a cascaded scheme. A common configuration is with one outer voltage 

and individual inner current loops [1]. 

 

 

Figure 2.1: Typical configuration of a stand-alone PV-based DC nano-grid [1]. 

 

2.3 The control strategy for the HESS 

The considered control circuit can be seen in Fig. 2.2 [1]. The DC bus voltage is compared to a 

desired reference value. The error is first fed to a PI controller that produces a reference current 

that will provide a suitable dynamic response and a zero DC bus voltage error in the steady-state. 

The, reference current for the HESS, is then fed to a low pass filter (LPF) to split the low-frequency 

(slow changing) from the high frequency (fast changing) components. The output of the low pass 

filter is the battery reference current. Then, it is compared to the actual current of the battery and 

is fed to a PI controller that provides the modulating signal for the pulse width modulator (PWM) 

that defines the gating signals of the two switches of the battery converter. The output of the low 

pass filter is also subtracted from the total HESS reference current, the output of the PI controller 
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of the voltage loop. This is the reference current signal for the supercapacitor current. This is 

compared to the actual value and the error is fed to a PI controller that provides the modulating 

signal for the pulse width modulator (PWM) that defines the gating signals of the two switches of 

the supercapacitor converter. 

 

Figure 2.2: Control scheme. 

 

2.4 Operating principle and specifications of the control strategy for the HESS 

It can be shown that a class C converter operating in the charging/buck and discharging/boost 

modes can be represented by the same IL(s)/D(s) transfer function, where IL is the inductor current 

and D is the duty cycle of the bottom switch of the class C converter. Therefore, a unified controller 

can be employed for both modes of operations. It should be noted that the switches of a class C 

converter operate complementarily and the signal of the PWM comparator is sent to the bottom 

switch of the converter. Three PI controllers will be designed to control the (inner) current through 

the supercapacitor and the battery as well as the outer DC bus voltage. The bandwidth of these 

controllers are chosen based on the speed of response of each single converter, which is a function 

of its switching frequency. The design of the inner current loops will be as a function of the duty 

cycle (D), the control variable. From the characteristics of the SC, which has faster 

charge/discharge capabilities compared to the battery, the inner current loop bandwidth (BW) of 

the SC is 
𝑓𝑠𝑤 

6
, where 𝑓𝑠𝑤 is the switching frequency. The bandwidth of the (inner loop) battery 

current has to be lesser than the SC current loop BW. So, the BW of the battery current loop is 

chosen as  
𝑓𝑠𝑤 

10
. As usual in cascaded loops, the BW of the outer voltage loop is slower, 10%, than 
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the BW of the SC current loop [1]. The components of the reference currents of the supercapacitor 

and battery, low and high frequency respectively, will be determined later by the LPF.   

 

2.4.1 Calculating the plant transfer functions 

The transfer function of the “plant” can be found based on the equations that describe the 

operation of the power electronics converter. From that, the PI controller for the current loops will 

be designed. The derivation of the plant model and the design steps of the controller are as follows: 

 

Figure2.3: Boost converter with the load.  

 The operation of the class C DC-DC converter can be represented by two states  

            ON state: ton = DTs                                          OFF state : toff = (1-D) Ts 

𝑙𝑠

𝑑𝑖𝑠

𝑑𝑡
= 𝑉𝑠 

 

(2-1) 𝑙𝑠

𝑑𝑖𝑠

𝑑𝑡
= 𝑉𝑠 − 𝑉𝑜                      (2-2) 

                    

c 
𝑑𝑉𝑜

𝑑𝑡
= −

𝑉𝑜

𝑅
 (2-3) c 

𝑑𝑉

𝑑𝑡
= 𝑙𝑠 −

𝑉𝑜

𝑅
                      (2-4) 

                                                

 Averaging the boost converter differential equations gives: 

𝑙𝑠

𝑑𝑖𝑠

𝑑𝑡
= 𝑉𝑠 − (1 − 𝐷)𝑉𝑜                                                                                                         (2-5) 

      

c 
𝑑𝑉𝑜

𝑑𝑡
= (1 − 𝐷)𝑙𝑠 −

𝑉𝑜

𝑅
                                                                                                         (2-6) 

   

 Introducing the small signal perturbations around a base operating point: 
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𝑙𝑠
𝑑(𝑖�̃�+𝐼𝑠)

𝑑𝑡
= (𝑉𝑠 + 𝑣�̌�) − (1 − (𝐷 + 𝑑)̃)(𝑉𝑜+𝑣�̃�) 

                                                                             

(2-7) 

 

 𝑐
𝑑(𝑉𝑜+𝑣𝑜)̃

𝑑𝑡
= (𝐼𝑠 + 𝑖�̌�)(1 − (𝐷 + 𝑑)̃) −

(𝑉𝑜+𝑣�̃�)

𝑅
 (2-8)                                                                          

 

 The linearized equivalent model can be represented by 

 

𝑙𝑠

𝑑𝑖�̃�(𝑡)

𝑑𝑡
= 𝑣�̌�(𝑡) − (1 − 𝐷)𝑣�̃�(𝑡) + �̃�𝑉𝑜 

                                                                             

(2-9) 

 

 

𝑐
𝑑𝑣𝑜(𝑡)̃

𝑑𝑡
= 𝑖�̌�(𝑡)(1 − 𝐷) − 𝐼𝑠𝑑(𝑡)̃ −

𝑣�̃�(𝑡)

𝑅
 

                                                                             

(2-10) 

 

 Using Laplace transform 

 

𝐿𝑠𝑖𝑠(𝑠) = 𝑣𝑆(𝑠) − (1 − 𝐷)𝑣𝑜(𝑠) + 𝑑(𝑠)𝑉𝑜 

                                                                             

(2-11) 

 

 

𝐶𝑣𝑜(𝑠) = 𝑖𝑠(𝑠)(1 − 𝐷) − 𝐼𝑠𝑑(𝑠) −
𝑣𝑜(𝑠)

𝑅
 

                                                                             

(2-12) 

 

 Finding the transfer function of the plant for the design of the controller of the inductor 

current 

𝐺𝑝_𝑖𝑠(𝑠) =
𝑖𝑠(𝑠)

𝑑(𝑠)
=

𝑉𝑜𝐶𝑠 +
𝑉𝑂

𝑅 + (1 − 𝐷)𝐼𝑆

𝐶𝐿𝑆𝑠2 +
𝐿𝑆

𝑅 𝑠 + (1 − 𝐷)2
 (2-13) 

 

 

2.4.2  Inner current control loop of the supercapacitor (SC) 

        The bandwidth of the inner current loop of the SC is chosen by 𝑓𝑥𝑖 =
𝑓𝑠𝑤

6
  and the 

switching frequency (𝑓𝑠𝑤) considered in this work is 20 kHz. The crossover frequency is 
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becomes 𝜔𝑥 = 2𝜋𝑓𝑥𝑖 = 20.93 103 𝑟𝑎𝑑
𝑠𝑒𝑐⁄  and the phase margin (PM) can be selected as 60°. 

Table 2.1 shows the basic parameters used for the operation of the supercapacitor interface. 

Table 2.1: Nominal SC converter parameters 

𝑉𝑆 𝐼𝑆 𝑉𝑂 𝐿𝑆 𝐷𝑆 𝑅 𝐶 

28.44V 2A 48V 100μH 0.4 40 Ω 1500μF 

 

The transfer function of the plant  
𝑖𝑠(𝑠)

𝑑(𝑠)
  becomes:  

𝐺𝑝_𝑖𝑠(𝑠) =
𝑖𝑠(𝑠)

𝑑(𝑠)
=

0.072𝑆 + 2.4

1.5𝑒−7𝑠2 + 2.5𝑒−6𝑠 +  0.4445
 (2-14) 

 

At the crossover frequency one gets: 

𝐺𝑝_𝑖𝑠(𝑗𝜔𝑥) =
2.4 + 𝑗 1507.68

−65.328 + 𝑗0.05235
               (2-15) 

 

There, the gain and phase are computed as: 

|𝐺𝑝_𝑖𝑠(𝑗𝜔𝑥)| = 27.26 𝑑𝐵         𝜑𝑝_𝑖𝑠 = 89.93°  

 

 

Figure 2.4, illustrates the Bode plot of the transfer functions of the plant 𝐺𝑝_𝑖𝑠(𝑠) 
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Figure 2.4: Bode plot of the plant for the design of the current loop of the SC. 

 

In general, at the low frequency range, the loop gain should be high, to minimize the steady 

state error, and at the high frequency range, the gain should be low to limit/attenuate the switching 

harmonics.  To obtain a satisfactory phase margin, the gain slope should be -20db/dec around the 

crossover frequency. As shown in Fig. 2.4 the Bode plot of the plant  𝐺𝑝_𝑖𝑠 presents a constant gain 

at the low frequency range. Therefore, an integrator is required to yield a negative slope (-20 

dB/dec) and an infinite gain at DC (0 Hz).  

The controller PI type II can be chosen for this plant and its transfer function is given by: 

 G𝑝𝑖_𝑖𝑠(s) =
𝐾𝑖(1 + s𝜏)

s𝜏(1 + s𝑇𝑝)
               (2-16) 

 

Calculating the boost angle at the crossover frequency using equations.  

 

𝜑𝑐 = −180°  + 𝑃𝑀 − 𝜑𝑝_𝑖𝑠 

 

(2-17) 

 

𝜑𝑏𝑜𝑜𝑠𝑡 = 90°  + 𝜑𝑐                                                                                                             (2-18) 
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The other parameters may be easily obtained as follows in equations  

𝐾 = tan (
𝜑𝑏𝑜𝑜𝑠𝑡

2
+ 45)  =  3.738 

 

𝜏 =
𝑘

𝜔𝑥
= 178.57 μs 

𝑇𝑝 =
1

𝑘𝜔𝑥
= 12.77μs 

 

(2-19) 

 

 

(2-20) 

 

 

(2-21) 

The gain of the PI type II controller “Ki” should be equal to the inverse of the plant’s gain at the 

crossover frequency 𝜔𝑥.  

Therefore: 

20 log K𝑖 = -27.26 𝑑𝐵         (2-22) 

K𝑖 = 0.0433 

 

Figure 2.5, illustrates the Bode plot of the transfer functions of the plant 𝐺𝑝i_is, and the loop 

transfer function (LTF), with the designed controller. From there, one can see that the design specs 

(𝜔𝑥 = 2𝜋𝑓𝑥 = 20.94 103 𝑟𝑎𝑑
𝑠𝑒𝑐⁄  and PM = 60°), where accomplished with the designed PI-type 

controller. 

 
Figure 2.5: Bode plot of the plant 𝐺𝑝_is, and the LTF of the SC 
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2.4.3 Inner current control loop of the battery. 

By following the same steps, one can design the current controller of the battery converter. 

Like for the supercapacitor, the plant transfer function is given as  

 

𝐺𝑝_𝑖𝑏(𝑠) =
𝑖𝐵(𝑠)

𝑑(𝑠)
=

𝑉𝑜𝐶𝑠 +
𝑉𝑂

𝑅 + (1 − 𝐷)𝐼𝐵

𝐶𝐿𝐵𝑠2 +
𝐿𝐵

𝑅 𝑠 + (1 − 𝐷)2
 

 

(2-23) 

Since the battery current is supposed to react at a slower pace than the supercapacitor current, 

one can select 𝑓𝑥𝑖 =
𝑓𝑠𝑤

10
, the crossover frequency is chosen by 𝜔𝑥 = 2𝜋𝑓𝑥𝑖 = 12.56 krad/s  and 

the phase margin PM = 60°. Table 2.2 shows the basic parameters used for the operation of the 

battery interface. 

Table 2.2: Nominal battery converter parameters 

𝑉𝐵 𝐼𝐵 𝑉𝑂 𝐿𝐵 𝐷𝐵 𝑅 𝐶 

24V 2.4A 48V 100μH 0.5 40Ω 1500μF 

 

The gain and phase at the crossover frequency are computed as for the SC: 

 

                |𝐺𝑝_𝑖𝑏(𝑗𝜔𝑥)| = 31.737𝑑𝐵         𝜑𝑝_𝑖𝑏 = 89.6°  

 

Figure 2.6, illustrates the Bode plot of the transfer functions of the plant 𝐺𝑝_ib. 
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Figure 2.6: Bode plot of the plant for the design of the battery current loop 

 

The design specifications for the battery current control loop are as follows. The crossover 

frequency is chosen by 𝜔𝑥 = 2𝜋𝑓𝑥 = 12.56 krad/s and the phase margin PM = 60° and the 

controller PI type II can be chosen for this plant and its parameters can be computed as for the SC.  

Figure 1.7, illustrates the Bode plot of the transfer functions of the plant 𝐺𝑝_ib, and the loop 

transfer function (LTF), with the designed controller. From there, one can see that the design specs 

(𝜔𝑥 = 2𝜋𝑓𝑥 = 12.56 103 𝑟𝑎𝑑
𝑠𝑒𝑐⁄  and PM = 60°), where accomplished with the designed PI type 

controller.  
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Figure 2.7: Bode plot of the current loop of the battery 

 

2.4.4 Design of the DC bus voltage control loop. 

The voltage control loop has been designed based on, and 10 times slower than, the current 

control loop of the SC. The plant transfer function is given as [1]: 

 

𝐺𝑝_𝑣(𝑠) =
𝑣𝑜(𝑠)

𝑖𝑠(𝑠)
=

𝑅(1 − 𝐷)(1 −
𝐿𝑠

𝑅(1 − 𝐷)2 𝑠)

2 + 𝑅𝐶𝑠
 

 

(2-14) 

Since, the HESS will provide the required current defined by the outer voltage loop, the 

bandwidth of the outer voltage control loop has to be (10 to 20 %) lesser than that of the SC current 

control loop. Therefore, the bandwidth is chosen as 𝑓𝑥𝑣 = 10% 𝑓𝑥𝑖, the BW of the SC. So, the 

crossover frequency becomes 𝜔𝑥𝑣 = 2𝜋𝑓𝑥𝑣 = 2.093 krad/s and the phase margin PM can be 

selected as 60° using the same nominal parameters of the SC converter show in the Table 2.1.  
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𝐺𝑝_𝑣(𝑠) =
−1.5𝑒−4𝑠 + 26.68

0.06𝑠 + 2
 (2-25) 

At the crossover frequency one gets: 

𝐺𝑝_𝑣(𝑗𝜔𝑥) =
26.88 − 𝑗 0.314

2 + 𝑗125.58
 (2-26) 

There, the gain and phase at the crossover frequency are computed as: 

|𝐺𝑝_𝑣(𝑗𝜔𝑥)| = −13.39 𝑑𝐵         𝜑𝑝_𝑣 = −88.42°  

 

Figure 2.8, illustrates the Bode plot of the transfer functions of the plant 𝐺𝑝_𝑣. 

 

  
Figure 2.8: Bode plot of the plant 

 A simple PI type controller can be considered for this application and its parameters are 

computed as follows: 

𝐺𝑝𝑖_𝑣
(𝑠) = 𝑘𝑃 +

𝑘𝑖

𝑠
 (2-27) 
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|𝐺𝑝𝑖_𝑣(𝑗𝜔𝑥)|=1
|𝐺𝑝_𝑣(𝑗𝜔𝑥)|⁄ = 13.39𝑑𝐵 = 4.67               which equal to 10^(

13.39

20
) = 4.67  (2-28) 

|𝐺𝑝𝑖_𝑣(𝑗𝜔𝑥)| = √𝑘𝑃
2 + (

𝑘𝑖
𝜔𝑥

⁄ )
2

= 4.67 
 

(2-29) 

𝜑𝑝𝑖_𝑣 = −180 + 𝑃𝑀 − 𝜑𝑝_𝑣 (2-30) 

𝜏 =
tan (𝜑𝑝𝑖_𝑣 + 90)

𝜔𝑥
 (2-31) 

𝑘𝑖 =
𝑘𝑝

  𝜏
 (2-32) 

Figure 2.9, illustrates the Bode plot of the transfer functions of the plant 𝐺𝑝_v, and the loop 

transfer function (LTF), with the designed controller. From there, one can see that the design specs 

(𝜔𝑥 = 2𝜋𝑓𝑥 = 2.093 103 𝑟𝑎𝑑
𝑠𝑒𝑐⁄  and PM = 60°), where accomplished with the designed PI-type 

controller. 

 

 

Figure 2.9: Bode plot of the voltage control loop of the HESS 
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2.5 Analysis of the operation of the PI controller for different operating conditions  

 The theoretical analysis for the performance of the PI controllers operating with different 

conditions will be presented as well as the simulation results.  

Figure 2.10, illustrates the Bode plot of the transfer functions of the plant of the voltage loop 

𝐺𝑝_v, and the LTF with a change in the voltage of the SC to 𝑉𝑆𝑐= 36 V which will lead to a change 

in the duty cycle to 𝐷 = 0.25. By keeping the same controllers that have been designed for 𝑉𝑆𝑐= 

28.44 V and 𝐷 = 0.4, one can observe as shown in the Bode plot Fig. 2.10, that the PM and 

crossover frequency increase comparing with the previous/design case that was shown in Fig 2.9.   

 

 

Figure 2.10: Bode plot of the plant 𝐺𝑝_v, and the LTF of the voltage loop. 

Figure 2.11, illustrates the Bode plot of the transfer functions of the plant of the voltage loop 

𝐺𝑝_v, and the LTF with a change in the voltage of the SC to 𝑉𝑆𝑐=12V which will lead to a change 

in the duty cycle to 𝐷 = 0.75. By keeping the same controllers that have been designed for  𝐷 = 

0.4, one can observe as shown in the Bode of plot Fig 2.11 that the PM and crossover frequency 
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decrease compared with the previous /design case that was shown in Fig 2.9. It should be noted 

that, in principle, the decrease in the PM should make the system more oscillatory following a 

disturbance and with a larger overshoot. 

 

Figure 2.11: Bode plot of the plant 𝐺𝑝_v, and the LTF of the voltage loop. 

 

2.6 Simulation results 

The impact of changing the voltage across the supercapacitor and consequently the value of the 

duty cycle of the plant on the performance of the PI linear controller will be investigated by means 

of simulations. The complete system for the HESS that contains the DC bus voltage controller as 

well as the controllers of the inner current loops are designed for the supercapacitor working with 

an average voltage (28.44V) leading to 𝐷 = 0.4. Then, the results obtained from it will be 

compared with same controller but by changing the duty cycle to 𝐷 = 0.25, 0.75  and this will be 

obtained by changing the voltage of the SC from 28.44V to 36 and 12V, respectively.  
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Figure 2.12, shows the results of the system with VSC = 28.44 V, consequently 𝐷 = 0.4 and a 

step load variation (6 to 9Ω) is applied at t = 0.1s and at t = 0.3s the load was switched back to the 

original value. It can be observed, as shown by the waveforms, that the system works as expected, 

the DC bus voltage is regulated at 48V and battery and SC currents vary as expected.  

 

 

Figure 2.12: Waveforms for the system with a step load variation (6 to 9 Ω):  a) DC bus voltage; b) Battery current; c) SC 

current; d) SC voltage 

Figure 2.13, shows the results of the system with VSC = 12 V, consequently 𝐷 = 0.75 and a 

step load variation (6 to 9Ω) is applied at t = 0.1s and at t = 0.3s the load was switched back to the 

original value. It can be observed, as shown by the waveforms, that a small oscillation appears on 

the DC bus voltage at the transient step as well as on the battery and SC currents. This oscillation 

is because of the PM, in this case smaller, as shown in the Bode plot, Fig 2.11. 
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Figure 2.13: Waveforms for the system with a step load variation (6 to 9 Ω): a) DC bus voltage; b) Battery current; c) SC current; 

d) SC voltage. 

 

Figure 2.14, shows the results of the system with VSC = 36 V, consequently𝐷 = 0.25 and a step 

load variation (6 to 9Ω) is applied at t = 0.1s and at t = 0.3s the load was switched back to the 

original value. It can be observed, as shown by the waveforms, that the system works as expected, 

the DC bus voltage is regulated at 48V with small overshot comparing with the previous cases and 

battery and SC currents vary as expected. 
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Figure 2.14: Waveforms for the system with a step load variation (6 to 9 Ω):a)DC bus voltage; b) Battery current; c) SC current 

;d)SC voltage. 

 

Overall, the results in all cases show that the DC bus voltage is regulated at 48V in steady-state. 

However, the effect of changing the voltage in the supercapacitor and consequently the duty cycle 

and transfer function of the plant is noticeable on the transient response. As shown in the results, 

a small oscillation on the DC bus voltage appears at the transient step in case of 𝐷 = 0.75 and this 

oscillation occurs because the PM is only 39.5°. In the cases of 𝐷 = 0.4, 0.25 the PM = 60°, 62.3° 

respectively and the system works with the expected transient response.  
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2.7 Conclusion 

In this Chapter, it is shown how one can connect a hybrid energy storage system (HESS) with 

a PV system in to supply power to a DC load with regulated voltage. This can be done by using 

the class C DC-DC converter with the considered control scheme. It allows power flow to be 

controlled in both directions by controlling the current. The design of the controllers of the voltage 

and current loops have been presented. As mentioned earlier, the main objective of the control 

strategy is to allow the supercapacitor (SC) to support the fast transient while the battery bank will 

provide the slow transient and steady-state current components, which helps to reduce the stress 

on the battery. This is done by using a low pass filter (LPF) with an appropriate cut-off frequency, 

what will be presented in the next Chapter. The impact of changing the voltage across the 

supercapacitor and consequently the value of the duty cycle of the plant on the performance of the 

PI controller was analyzed theoretical and the simulation results were presented as well.  
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Chapter 3. Improving the Control Strategy of the HESS  

The previous Chapter discussed the control strategy of the HESS of a DC nano-grid with a PV 

system as well as the design of the controllers of the voltage and current loops. In order to prevent 

the battery to supply fast varying and high frequency currents, one should split the required 

compensation current into high frequency components, to the SC, and low frequency components 

to the battery, what was done by means of a LPF. In this Chapter, the primary objective will be to 

select the cut-off frequency of the LPF so that one can control the “contribution time” of the SC 

which is limited by the size and energy of the SC. Besides, a new voltage control loop will be 

designed for a DC nano-grid connected to an AC utility grid through a single-phase ac-dc 

converter. It should compensate the low order harmonics in DC nano-grid created by the AC grid 

interface. The simulation results will be presented for all cases, stand-alone and grid connected 

DC nano-grid. 

3.1 Selecting the LPF/HPF (frequency) of the HESS (SC + Batt)  

As mentioned earlier, the basic control scheme of the HESS consists of a single outer voltage 

loop and two inner currents loops, for the inductors of the SC and battery. Either a LPF, as shown 

in Fig. 2.2, or a high-pass filter (HPF), considered in the following Sections, is used to split the 

fast (transient) and the slow (steady-state) components of the HESS reference current obtained 

from the outer voltage loop, and send them to the SC and battery current loops, respectively. In 

this Section, the choice of the cut-off frequency of the HPF, which has an impact on the duration 

of the contribution of the SC for the regulation of the DC bus voltage (ms, s or minute) as well as 

with the amount of energy the SC supplies/absorbs, is considered.  

 

3.1.1 Analysis of the HPF (frequency) on the splitting of the HESS reference current  

The reference current for the HESS, required for regulating the DC bus voltage with good 

transient response and zero error in steady state, is provided by the DC bus voltage controller. 

Assuming that the battery and SC current control loops have the appropriate bandwidth, it should 

be realized by the SC and battery converters regardless of the way the current components are split 

by the HPF. Therefore, if one wishes to calculate the reference current for the SC as a response to 

a disturbance in the DC bus voltage, typically a variation in the current injected by the PV converter 

or drawn by the load, one should multiply the transfer function of the current of the HESS, as a 
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function of a disturbance current, by the transfer function of a HPF. This is equivalent to the full 

signal of the HESS current minus the battery current components, determined by the cut-off 

frequency of the LPF. This is shown with an elementary block diagram in Fig. 3.1. 

The actual transfer function, IHESS(s)/Idis(s), can be obtained by considering a disturbance current 

applied to the DC bus voltage, that consists of a DC bus filter capacitance (CS) in parallel with an 

equivalent load resistance (R), fed by the HESS. The equivalent load resistance corresponds to the 

difference between the power consumed by the load and the power provided by the PV converter. 

In this analysis, it is assumed that the load demand is higher than the PV power injection, thus R 

> 0.  Later on, by means of simulations, it will be shown that even if the HESS is absorbing power 

to regulate the DC bus voltage, the response of the proposed controller is still stable and well 

behaved.  

 

Figure 3.1: Block diagram of the system 

 

The block diagram of the system to obtain the transfer function, IHESS(s)/Idis(s) is shown in Fig. 

3.2. There one can see that the variation of the DC bus voltage is due to the sum of the current 

injected by the HESS and the disturbance current times R // CS. Since the current control loops of 

the SC and battery are for their inductors, this can be reflected to the DC bus voltage side by 

multiplying the regulated inductor current by 28.44/48, the rated voltages of the DC bus and of the 

storage elements, SC and battery. 

K
Disturbance
in the system

Reference
current for HESS

Reference
current for SC
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Figure 3.2: Block diagram of the equivalent system 

The transfer function IHESS(s)/Idis(s) can then be calculated as: 

 

𝐼𝐻𝐸𝑆𝑆(𝑠)

𝐼𝑑𝑖𝑠(𝑠)
=

{[𝑅/(𝑅𝐶𝑆 + 1)] 𝐻𝑣 𝐺𝑝𝑖−𝑣}

1 + {[𝑅/(𝑅𝐶𝑆 + 1)] 𝐻𝑣 𝐺𝑝𝑖−𝑣 (28.44/48)}
 (3-1) 

 

Where  

𝐺𝑝𝑖_𝑣
(s) = 𝐾𝑃 +

𝐾𝑖

𝑠
 

Next, one can compute the response of the reference current of the SC as a function of the 

disturbance current and the HPF transfer function. Thus,  

 

𝐼𝑆𝐶(𝑠)

𝐼𝑑𝑖𝑠(𝑠)
=

𝐼𝐻𝐸𝑆𝑆(𝑠)

𝐼𝑑𝑖𝑠(𝑠)
𝐻𝑃𝐹(𝑠) 

 

(3-2) 

 

𝐼𝑆𝐶(𝑠)

𝐼𝑑𝑖𝑠(𝑠)
=

{[𝑅/(𝑅𝐶𝑆 + 1)] 𝐻𝑣 𝐺𝑝𝑖−𝑣}

1 + {[𝑅/(𝑅𝐶𝑆 + 1)] 𝐻𝑣 𝐺𝑝𝑖−𝑣 (28.44/48)}
𝐻𝑃𝐹(𝑠) (3-3) 

Where                   

 

𝐻𝑃𝐹(𝑠) =
 𝑠 𝜏 

1 + 𝑠 𝜏  
 

 

(3-4) 

To determine the cut-off frequency of the HPF to force the SC to provide a certain 

“contribution” to the regulation of the DC bus voltage, one can choose and impose how long the 
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SC will inject current. Based on this, the value of τ can be defined. The equation below represents 

the response of a 1st order HPF.  

 

𝐶(𝑡) = A𝑒−
𝑡
𝜏 𝑢(𝑡) 

 

(3-5) 

Where: 

u(t)  is a step input.  

To simplify the analysis, let’s assume that the rise time corresponds to the time (T) when 

the output reaches 10% of its steady-state value. 

Then 

 

𝐶(𝑡) = 0.1 𝑢(𝑡) 

 

(3-6) 

From (3-5) and (3-6) 

0.1 𝑢(𝑡) = 𝑒−
𝑡
𝜏 𝑢(𝑡) 

0.1 = 𝑒−
𝑡
𝜏 

𝑡 = 2.3 𝜏 

From this equation, we can select for how long (T) the SC will injected current. 

 

f =
2.3

2 𝜋 𝑇
 

 

(3-7) 

This equation will be evaluated with three different times (T) as shown in the Table below 

to see the impact on the action of the supercapacitor reference current. 

Table 3.1: Time of contribution of the SC and cut-off frequency of the HPF 

Time (s)  Cut-off frequency (Hz) 

1 0.37 

10 0.037 

100 0.0037 
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Fig. 3.3, shows the response of the current of the SC to a step variation in the distortion current 

with the cut-off frequency (f) at 0.37, 0.037, 0.0037 Hz and without a HPF, what corresponds to 

the total current that should be drawn from the HESS (IHESS). There one can see that as the cut-off 

frequency decreases, the duration of the pulse of current of the SC increases as expected. Due to 

the 28.44 /48 gain in the transfer function, in steady state and for the case of “no-HPF”, the current 

injected by the HESS should be equal to about 1.5 as can be seen in Fig. 3.3. Also, that for the 

curve with f = 0.0037 Hz cut-off frequency, one can see that the current contribution of the SC 

reaches 10% of the final value, i.e. 0.15 A, at t ~ 100 s.  

 

Figure 3.3: Step responses of the 
𝐼𝑠𝑐

𝐼𝑑𝑖𝑠
(𝑠) and 

𝐼𝐻𝐸𝑆𝑆

𝐼𝑑𝑖𝑠
(𝑠) with different values of the cut-off frequency of the HPF 

 

Fig. 3.4, shows the curve with f = 0.37 Hz, with a narrow time range, 1s. One can see that the 

current contribution of the SC drops to 10% of the final value 1.5A, i.e. 0.15 A, at t ~ 1 s, as 

expected based on Table 2.3. 
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Figure 3.4: Step responses of the  
𝐼𝑠𝑐

𝐼𝑑𝑖𝑠
(𝑠)  and 

𝐼𝐻𝐸𝑆𝑆

𝐼𝑑𝑖𝑠
(𝑠) with cut-off frequency of HPF f = 0.37 Hz. 

 

3.1.2 Simulation results  

The validation of the approach for calculating the cut-off frequency of the HPF that yields the 

desired “time of contribution” of the SC for the regulation of the DC bus voltage following a step-

like current distortion is carried out by means of simulation. This was done using PSIM and the 

power circuit discussed in Fig. 2.1 and control scheme shown in Fig. 2.2. The controllers of the 

inner current loops and the outer voltage loop are those designed in previous Sections. The main 

objective of this Section is to observe the reaction of the DC bus voltage as well as the currents of 

the SC and battery as one changes the cut-off frequency of the HPF, what should lead to the times 

(T) stated in Table 3.1. Besides, one will compute the energy supplied/absorbed by the SC, which 

can be defined by 

𝐸 = ∫ 𝑃𝑑𝑡,    𝐸𝑆𝐶 = ∫ 𝑉𝑆𝐶  𝐼𝑆𝐶  𝑑𝑡. (3-8) 
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Fig. 3.5, shows the results of the system with a LPF with a cut-off frequency f = 0.37Hz for a 

step load variation (9 to 6 Ω) applied at t = 3s. It can be observed, as shown in the waveforms, that 

SC presents T = 1s contribution, then it returns to zero as expected, with a supply of energy of 

43Wh.  

 

 

Figure 3.5: Waveforms for the system with f = 0.37Hz for a step load variation (9 to 6 Ω) applied at t = 3s: a) SC current; b) 

Battery current; c) DC bus voltage;  d) Energy supplied by the SC. 

 

In the second test, as shown in Fig. 3.6, the cut-off frequency of the LPF is selected to be f = 

0.037Hz. The same step load variation (9 to 6 Ω) is applied at t = 12s. It can be observed in the 

waveforms that the SC presents a T = 10s contribution, then it returns to zero as expected, with a 

supply of energy of 430Wh.  
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Figure 3.6: Waveforms for the system with f = 0.037Hz for a step load variation (9 to 6 Ω) applied at t = 3s: a) SC current; b) 

Battery current; c) DC bus voltage;  d) Energy supplied by the SC.. 

 

In the last test, the cut-off frequency of the LPF is selected to be f = 0.0037Hz for a step load 

variation (9 to 6 Ω) applied at t = 120s. As shown in Fig. 3.7, it can be observed that the SC presents 

a T = 100s contribution, then it returns to zero as expected with a supply of energy of 4300Wh.  
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Figure 3.7: Waveforms for the system with f = 0.0037Hz for a step load variation (9 to 6 Ω) applied at t = 3s: a) SC current; b) 

Battery current; c) DC bus voltage;  d) Energy supplied by the SC. 

3.2 A voltage control loop for the SC 

The SC should have a voltage regulation loop to prevent its voltage level to be too high, what 

could damage it, or too low, when the available energy for regulating the DC bus voltage could be 

insufficient. For the choice of the reference value, one can select one that allows the SC to supply 

a given amount of energy before reaching 50% of its rated voltage, and absorb this same amount 

of energy, before reaching 100% of its rated voltage. By setting the reference voltage at 79% of 

the rated value, the SC has a state-of-charge with equal energy capacity to supply and absorb power 

before reaching the limit voltage values. This voltage loop should not interfere much with the SC’s 

main task of supplying and absorbing fast varying currents to regulate the DC bus and prevent the 

battery from a high current stress. Therefore, this control loop should be slow, attempting to 

charge/discharge the SC with low values of currents, which could come from either the PV panel 

or from the battery. 
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3.2.1 Design of the voltage control loop for the SC. 

Fig. 3.8, shows the block diagram of the SC voltage control loop. It includes the inner inductor 

current (Il_SC) control loop with a PI-type II controller (Pi_isc) and the duty-cycle to inductor 

current transfer function (Gi_sc), which was discussed in a previous Section. Since the current 

control loop is expected to be much faster than SC voltage control loop, it can be represented as a 

simple gain (1/H_isc). For the regulation of the SC voltage, it is measured and compared to a 

reference voltage. The error is passed through a low bandwidth PI-type controller (Pi_vsc) to 

produce the slow varying current required to bring the SC voltage towards the reference value. 

This current is added to the fast one (Iref_sc), discussed in a previous Section, to provide the fast 

varying current component of the HESS. For the design of the outer SC voltage loop, one needs to 

know how the inductor current of the SC affects the voltage in the SC. This relation, transfer 

function (Gv_sc), can be obtained from the power converter and SC shown in Fig. 2.3. 

 

 

Figure 3.8: Block diagram of the SC voltage control loop. 

 

 The “plant” for the design of the closed loop controller for the voltage of the SC (Gv_sc) is 

based on a relation between the SC current and the SC voltage. 

Calculating the plant transfer function (Gv_sc): 

 State equation 

             C 
𝑑𝑉𝑠𝑐

𝑑𝑡
= 𝑖𝑙 𝑠𝑐                                                           

(3-9) 
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 Using Laplace transform 

𝐶𝑠 𝑣𝑠𝑐(𝑠) = 𝑖𝑙 𝑠𝑐(𝑠) 
(3-10) 

 

 The plant is then: 

 

Gv_sc (𝑠) =
𝑉𝑠𝑐(𝑠)

𝑖𝑙 𝑠𝑐(𝑠)
=

1

𝐶𝑠
 

 

(3-11) 

The voltage control loop for the supercapacitor should be slower than the inner current loop as 

well as than the voltage control loop for the DC bus. Therefore, the bandwidth of the voltage 

control loop for supercapacitor is chosen as 10%𝑓𝑥𝑣, where fxv  is the BW of the outer DC bus 

voltage loop, and the phase margin PM = 60°. In such a case, a PI type II controller can be selected.  

The transfer function of the PI type II controller is: 

 

𝑃𝑖_𝑣𝑠𝑐(𝑠) =
𝐾𝑖(1 + s𝜏)

s𝜏(1 + s𝑇𝑝)
 

 

(3-12) 

The parameters of the main element of the plant (SC) and designed controller, computed using the 

approach described in previous Sections, are shown in Table 3.2. 

Table 4.1: Parameter of the PI controller for the SC voltage control loop. 

C Ki τ Tp 

1F 38.1 0.098s 7ms 

 

The scheme of the control system for the HESS shown in Fig. 2.2, was modified as shown in 

Fig. 3.9. Now, the complete control scheme includes a voltage control loop to keep the voltage of 

the SC loosely regulated, due to the low BW, around a reference value. 
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Figure 3.9: Control scheme of the HESS. 

 

3.2.2 Simulation results 

Considering the HESS control scheme shown in Fig. 3.9, the simulation results were obtained 

with parameters that have been presented previously for the voltage control loops and current 

control loops as well as the converter parameters. The objective is to investigate the potential 

benefits of including the voltage loop to the SC control loop. To observe the benefit of the SC 

voltage control loop, the system will be tested with and without the SC voltage control loop. 

Fig. 3.10, shows the results of the system without the voltage control loop of the SC. A step 

load variation (40 to 20 Ω) is applied at t = 0.1s. It can be observed, as shown in the waveforms, 

that the voltage of the SC increases and it does not return to the original voltage. But at t = 0.3 it 

is back at the original value, when the load was switched back to the system. The issue is that the 

voltage of the SC will vary according to the load variations, which can make it increase or decrease 

continuously. With the SC voltage control loop, the voltage age the SC tends to return to the 

reference value. 
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Figure 3.10: Waveforms for the system without voltage control for SC: a) DC bus voltage; b) Battery current; c) SC current; d) 

SC voltage. 

 

Fig. 3.11, shows the results of the system with the SC voltage control loop. A step load variation 

(40 to 20 Ω) is applied at t = 0.1s. It can be observed, as shown in the waveforms, that the voltage 

of the SC changes with the step variations in the load and then the voltage control loop of SC 

forces the voltage of SC to return to its desired value. Moreover, the voltage control loop of the 

SC did not affect significantly the SC current required to regulate the DC bus voltage since it is 

slower than the DC bus voltage control loop. 
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Figure 3.11: Waveforms for the system without voltage control for SC: a) DC bus voltage; b) Battery current; c) The actual SC 

current; d) SC voltage; e) The two reference currents of the SC. 

 

3.3 A voltage control loop to compensate the low order harmonics of the grid 

interface. 

The photovoltaic (PV) systems deployed at residential locations have been concerned more 

with electricity generation for AC loads and grids, as shown in Fig. 3.12. Since the renewable 

energy source generates DC power, the generated power must be converted to AC, what is 

performed by a DC-AC converter or inverter. Once the inverter is connected to the DC system and 

it is bidirectional power flow, it draws a DC component as well as an AC current component, 

leading to a voltage ripple of twice the AC side fundamental frequency. Typically, this occurs for 

single-phase interfaces to an AC grid and it is known that single-phase inverters require a large 

electrolytic capacitor to filter the voltage ripple at the DC bus. It should be noted that this device 
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has a short life span, and ideally should be replaced with a small film type capacitor, what would 

require an “active” means for attenuating the second order voltage ripple [7].  

The residential DC nano-grid discussed thus far has been of the stand-alone type. Ideally, for 

the sake of making sure that the DC loads can be fed even in the absence of renewable power 

generation and availability of energy in the storage units, an AC grid connection is desirable. In 

such a system, it is envisaged that instead of using an inverter with a large electrolytic capacitor, 

to mitigate the 2nd order voltage ripple at the DC bus, one can make use of the HESS to provide 

the 2nd order current component required to counteract the one produced by the AC grid connected 

inverter [5], [6]. The following Sections discuss an approach to achieve this goal. 

As depicted in Fig. 3.12, PV systems with HESS are usually build with a Proportional-Integral 

(PI) controller in the voltage control loop [8]. In order to achieve zero steady-state error and reject 

disturbance on the DC bus voltage with the HESS, a Proportional-Integral (PI) controller with a 

resonant (R) component will replace the conventional PI controller. The designing of the PI+R 

voltage loop controller will be discussed next. 

 

 

Figure 3.12: PV system with a single-phase dc/ac converter [8]. 
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3.3.1 Design of a voltage control loop to compensate the low order harmonics in the DC 

nano-grid.  

The task of regulating the voltage at the DC bus/nano-grid discussed thus far relied on the 

HESS. It employed PI type controllers to make sure that the DC voltage is regulated at the rated 

value (48 V) in steady state with a fast and damped dynamic response. The zero error in steady-

state due to step load variations is achieved by the integrator component of the PI controller which 

presents an infinite gain at DC (0 Hz). However, its gain at 120 Hz, the frequency of the ripple 

created by the inverter, is not high enough to keep the magnitude of this ripple at a low value. In 

order to reject this disturbance, a proportional integral plus resonant (PI+R) controller will replace 

the original PI controller. The PI+R controller is able to introduce a high gain at the frequency of 

the disturbance, its resonant frequency, so it can significantly attenuate the voltage ripple at 120Hz.  

The transfer function of the PI+R controller is given by 

 

𝐺𝑝𝑖_𝑣(𝑠) = 𝑘𝑃 +
𝑘𝑖

𝑠
+

2𝐾𝑖 
′ω𝑐𝑠

𝑠2+2ω𝑐𝑠+ωO
2   

 

(3-13) 

 

Where Kp and Ki are the gain constants of the original PI controller. The resonant term is tuned at 

the frequency of the disturbance, ω𝑂 = 2𝜋120 rad/s.  

There are two parameters to be selected: ki’ and ω𝑐. These are the DC gain of the resonant term 

and the bandwidth, typically of 10π rad/s, around the resonance frequency. In principle, by 

increasing Ki’ one should get a higher gain at ω𝑂, what should attenuate more the disturbance 

signal, but would not affect the phase angle of the controller. This can be observed in Fig. 3.13, 

for ω𝑂 .  = 2𝜋120 , ω𝑐.  = 10π rad/s and Ki’ = 1 and 10. 
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Figure 3.13: Frequency responses of a non-ideal PI+R controller when Ki’ changes. 

 

The second parameter to be selected is ω𝑐. In principle, by increasing ω𝑐 one should get a wider 

range of frequencies benefiting from the gain at the resonant frequency, but it would not affect the 

gain at ω𝑂. This can be observed in Fig 3.14, for ω𝑂 = 2𝜋120,  Ki’ = 10 and ω𝑐 = π and 10π 

rad/s.) 
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Figure 3.14: Frequency responses of a non-ideal PI+R controller when 𝜔𝑐  changes. 

 

3.3.2 Simulation results 

The impact of the parameters of the PI+R controller on the attenuation of the low voltage ripple 

on the DC bus voltage will be investigated by means of simulations. The control system for the 

HESS, shown in Fig. 3.9, was modified by including the R part in the PI controller of the DC bus 

voltage loop, making it a PI+R controller. The controllers of the inner current loops remained the 

same as shown in Fig. 3.16. It should be noted that since the bandwidths of the current controllers 

are higher than that of the disturbance (2π120 rad/s), they should be able to produce a 

compensating current of the required magnitude. On the other hand, if the phase angle of the closed 

loop current controller is not zero at 2π120 rad/s, which typically it is not, the disturbance should 

be mitigated but not completely eliminated. 
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Figure 3.15: PV system and HESS with a single-phase dc/ac converter. 

 

 

Figure 3.16: Control scheme of the HESS. 
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Fig. 3.17, shows the results of the system when a conventional PI controller is used for the DC 

bus voltage loop. A step load variation (40 to 20 Ω) and AC current component with 120Hz are 

applied at t = 0.05s. Then, the load is restored to the initial value (40 Ω) and the AC current 

component is disconnected. It can be observed, as shown in the waveforms, that a simple PI 

controller in the DC bus voltage loop is unable to significantly mitigate the ripple voltage produced 

by the 120 Hz current component. The gain of the PI controller at 120 Hz is relatively low, as 

observed in the small 120 Hz component on the battery and SC currents.   

 

Figure 3.17: Waveforms for the system with PI Control: a) DC bus voltage; b) Battery current; c) SC current. 

 

Fig. 3.18, shows the results of the system when the proposed PI+R controller used in the DC 

bus voltage loop for the same test conditions described for Fig. 3.17. It can be observed, as shown 

in the waveforms, that by using the proposed PI+R controller in the DC bus voltage loop, the ripple 

in the DC bus voltage is significantly attenuated but a small oscillation appears at the moments of 

the step load variations. 
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Figure 3.18: Waveforms for the system with PI+R Control: a) DC bus voltage; b) Battery current; c) SC current. 

 

Fig. 3.19, shows the results of the system without the presence of the AC current component. 

A step load variation (40 to 20 Ω) is applied at t = 0.05s. Then, the load is restored to the initial 

value (40 Ω). It can be observed that by using the proposed PI+R controller in the DC bus voltage 

loop, the DC bus voltage is regulated at the desired value, 48 V, but a small oscillation appears at 

the moments of the step load variations. This will increase the time to regulate the DC bus voltage 

at the desired voltage 48V. 
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Figure 3.19: Waveforms for the system with PI+R Control: a) DC bus voltage; b) Battery current; c) SC current. 

 

Finally, Fig. 3.20, shows the results of the system without the presence of the AC current 

component and with the standard PI type controller in the DC bus voltage regulation loop. A step 

load variation (40 to 20 Ω) is applied at t = 0.05s. Then, the load is restored to the initial value of 

40 Ω. It can be observed that with a simple PI controller in the DC bus voltage loop no oscillations 

appear as when using the PI+R controller and it takes less time to regulate the voltage at 48 V. 
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Figure 3.20: Waveforms for the system with PI Control: a) DC bus voltage; b) Battery current; c) SC current. 

 

Overall, one can say that in the case of an AC current component, in the DC nano-grid, as a 

result of a single-phase inverter connected to an AC grid, by using a PI+R controller in the DC bus 

voltage loop, the ripple is significantly mitigated compared to the PI controller. However, if there 

are no active single-phase DC-AC converters connected to the DC bus, a small oscillation appears 

following transient step loads and the time to regulate the DC bus voltage at 48 V increases a bit 

compared to the system with a conventional PI.  Since the benefits clearly outweigh the 

shortcomings, the use of a PI+R controller in the DC bus voltage controller is recommended. 
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3.4 Conclusion 

This Chapter shows, first, the analysis and approach for selecting the crossover frequency of 

the HPF of a hybrid storage energy system (SC + Bat) which is required for splitting the reference 

current of the HESS into slow and fast components, for the battery and SC, respectively. It allows 

the determination of the amount of time the SC will contribute with the regulation of the DC bus 

voltage. For a longer contribution, more energy and a larger SC will be required. Simulation results 

were presented to validate the theoretical analysis and design approach. Second, the benefit of 

including a voltage loop for the SC. The performance of the system has been shown by testing it 

with and without the voltage control loop of the SC. Finally, a design of a proportional-integral 

plus resonant controller (PI+R) that is proposed for the DC bus voltage control loop to compensate 

for the low order harmonics in DC nano-grid introduced by a conventional single-phase DC-AC 

utility grid interface. Simulation results were presented to demonstrate that the proposed controller 

(PI+R) can mitigate the harmonics on the DC but voltage better than the conventional PI controller.  
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Chapter 4. Experimental Implementation  

The primary goal in this Chapter is to implement the considered HESS control scheme for a 

standalone system and verify if it indeed is capable of regulating the DC bus voltage of a DC nano-

grid, with varying power sources (PV) and loads. It is focused on the impact of the supercapacitor 

voltage, assuming it is not regulated in steady-state, on the dynamic response of the system. 

Besides, it considers the proposed approach for calculating the frequency of the LPF/HPF used for 

splitting the high frequency and low frequency components of IHESS, so that the time of 

contribution of the SC is limited to a given value. The experimental setup for obtaining the results 

is described in this Chapter. The experimental results are presented and discussed for all the tests. 

  

4.1 Experimental setup  

An experimental prototype of a standalone PV system with HESS is implemented in this work. 

The realization of the considered control strategy is done by using dSPACE in real-time control. 

Data acquisition and the control system are implemented by using the dSPACE DS-1103 rapid 

prototyping system with a 20μs time step. The dSPACE code is generated by Simulink C coder 

with execution of Real-time interface (RTI) that converts the control diagram from 

MATLAB/Simulink into dSPACE code. To build the DC-DC converters of the PV, battery and 

supercapacitor interfaces, the Semikron “MiniSKiiP 8 Three-phase 1200V Power board”, with a 

MiniSKiiP 83 AC power module and a SKHI61 IGBT driver, is used. Each leg of the three-phase 

inverter is used for each DER. Two legs are used for battery and SC converters and they work as 

bidirectional while the last leg is used as the unidirectional interface of the RES as shown in Figure 

4.1. The converters operate with pulse width modulation (PWM) and a switching frequency of 20 

kHz. LC filters with values (100μH and 470μF) are used with each leg of the three-phase inverter 

to create the classical class C DC-DC converters. The capacitor across the DC bus voltage is 

1500μF. An Agilent Solar Array Simulator (SAS) (E4350B) was used to emulate a solar array. It 

was programmed to provide a maximum power of 213W with 7.35A and 29V at rated solar 

irradiance. Two Maxwell supercapacitor modules (BMOD0165 P048) with capacity of 165F and 

rated voltage of 48V are used for the energy storage units. One is used as a battery and the second 

is used as a SC. As mentioned in the nominal parameters for the SC and battery converters in 

Chapter 2, the “battery voltage” was adjusted to 24V and the SC’s to 28.44V. The inductor currents 
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of the battery and SC as well as the currents of load and PV are measured by LEM transducers 

(LA 55-P). The magnitudes of the voltages of the DC bus, battery, SC, and PV are measured by 

LEM transducers (LV 20-P). The resistive load bank used in the experiments consists of 8 parallel 

switchable resistors of 40 Ω. The Oscilloscope used to plot the waveforms of the results is a 

“YOKOGAWA SL1000”. The values of passive components and control parameters used in the 

experimental set-up are presented in Chapter 2 “Section 2.4”. The final implementation of the 

experimental set-up is shown in Figure 4.2. 

 

 

 

Figure 4.1: DC nano-grid power electronics interfaces. 
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Figure 4.2: Picture of the experimental set-up assembled in the laboratory. 
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4.2 Experimental results 

The objective is to demonstrate experimentally that the analytical equations and design 

approach work, as preliminarily shown by the simulations. In this Chapter, two experimental 

results were obtained. The first experiment result is to see the performance of the PI controllers, 

in terms of regulating the DC bus voltage, for the designed operating conditions, as well as others 

with low and high SC voltages. The second one is for the validation of the approach for calculating 

the cut-off frequency of the HPF, in order to obtain the SC providing current/support for the battery 

for a pre-determined period of time.  

 

4.2.1 Results of the PI controller at different operating conditions 

The performance of the PI controllers for operating conditions other than the designed one has 

been investigated by simulation in Chapter 2. This Section will present the validation of the 

performance of the PI controllers experimentally. In order to operate the PI controllers with 

different conditions, the voltage across the supercapacitor will be changed and consequently the 

value of the duty cycle of the main switch of the SC converter, what changes the values of the 

transfer function of the plant used in the design of the controllers.    

The complete control system for the HESS that contains the DC bus voltage controller as well 

as the controllers of the inner current loops are designed for the supercapacitor working with an 

average voltage  of 28.44V, leading to 𝐷 = 0.4. Then, the results obtained from it will be compared 

with the same controller but by changing the duty cycle to 𝐷 = 0.25, 0.75  and this will be obtained 

by changing the voltage of the SC from 28.44V to 36 and 12V, respectively.  

Figure 4.3, shows the experimental results of the system with VSC = 28.44 V and 𝐷 = 0.4. It 

can be observed, as shown by the waveforms, that the system works as expected and the DC bus 

voltage is regulated at 48V and the battery and SC currents vary as expected. The SC current does 

not increase as fast as in the simulations, having a more roundish shape, but this should be due to 

the time/response delays of the microcontroller generating the gating signals to the SC converter 

as opposed to the one we get with the “instantaneous” response in the simulations. 
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Figure 4.3: Waveforms for the system with a step load variation (9 to 6 Ω): a) SC current; b) Battery current; c) Load current; d) 

DC bus voltage 

 

Figure 4.4, shows the results of the system with VSC = 36 V and consequently 𝐷 = 0.25. It can 

be observed as shown in the waveform that the system works well and that the DC bus voltage is 

regulated at 48V with less time and small overshot than at 𝐷 = 0.4. The battery and SC currents 

behave as expected. 
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Figure 4.4: Waveforms for the system with a step load variation (9 to 6 Ω): a) SC current; b) Battery current; c) Load current; d) 

DC bus voltage 

 

Figure 4.5, shows the results of the system with VSC = 12 V and consequently 𝐷 = 0.75. It can 

be observed, as shown in the waveforms, that a small oscillation on the DC bus voltage appears at 

the transient step as well as on the battery and SC currents.  
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Figure 4.5: Waveforms for the system with a step load variation (9 to 6 Ω) :a) SC current; b) Battery current; c)Load current; d) 

DC bus voltage 

 

 Overall, the results in all cases show that the DC bus voltage is regulated at 48V in steady-state. 

However, the effect of changing the voltage in the supercapacitor and consequently the duty cycle 

and transfer function of the plant is noticeable on the transient response. As shown in the results, 

a small oscillation on the DC bus voltage appears at the transient step in case of 𝐷 = 0.75 and this 

oscillation occurs because of the theoretical reduction in the PM to 39.5°. In the cases of  𝐷 =

0.4, 0.25 the PM = 60°, 62.3° respectively the system works with the expected transient response. 

For comparison purposes, the simulation results of a similar system is presented in Chapter 2 

“Section 2.6”, where one can see that the experimental results are very similar to those of the 

simulation.  
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4.2.2 Results concerning the choice of the HPF (frequency) of a HESS. 

The main objective of this Section is to observe the reaction of the DC bus voltage as well as 

the currents of the SC and battery as one changes the cut-off frequency of the HPF, what should 

lead to the times (T) stated in Table 3.1.  

Considering the HESS control scheme that was shown in Fig. 2.2, Chapter 2, the experimental 

results will be obtained with the parameters that have been presented in Chapter 2 for the voltage 

control loop and the current control loops, as well as their converter parameters.  

Figure 4.6, shows the experimental results of the system with the cut-off frequency of the LPF 

at f = 0.37Hz for a step load variation (20 to 13 Ω). One can see that the current contribution of the 

SC drops to 10% of the final value 5A, i.e. 0.5 A, at t ~ 1 s, as well as the battery current reaches 

90% of the final value as expected based on Table 3.1. 

 

 

Figure 4.6: Waveforms for the system with f = 0.37Hz for a step load variation (20 to 13 Ω): a) SC current; b) Battery current; c) 

Load current; d) DC bus voltage. 
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Figure 4.7, shows the experiment results of the system with the cut-off frequency of the LPF at 

f = 0.037Hz for a step load variation (20 to 13 Ω). One can see that the current contribution of the 

SC drops to 10% of the final value 5A, i.e. 0.5 A, at t ~ 10 s, as well as the battery current reaches 

90% of the final value as expected. 

 

 

Figure 4.7: Waveforms for the system with f = 0.037Hz for a step load variation (20 to 13 Ω):a) SC current; b) Battery current; c) 

Load current; d) DC bus voltage. 

 

Figure 4.8, shows the experiment results of the system with the cut-off frequency of the LPF at 

f = 0.0037Hz for a step load variation (20 to 13 Ω). One can see that the current contribution of 

the SC drops to 10% of the final value 5A, i.e. 0.5 A, at t ~ 100s, as well as the battery current 

reaches 90% of the final value as expected. 

Note that 1:40:039s that is shown in the waveforms means 1 minute and 40 seconds which is 100seconds. 
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Figure 4.8: Waveforms for the system with f = 0.0037Hz for a step load variation (20 to 13 Ω): a) SC current; b) Battery current; 

c) Load current; d) DC bus voltage. 

 

4.3 Conclusion 

In this Chapter, the implementation of a DC nano-grid connecting a hybrid energy storage 

system (HESS) with a PV system to supply power to a DC load is presented. The experimental 

results for verifying the performance of the cascaded control scheme, outer voltage and inner 

currents, with PI type controllers were presented and it is validated the theoretical analysis and 

simulation results. The experimental validation of the approach for calculating the cut-off 

frequency of the HPF in order to obtain the SC providing current/support for the battery for a pre-

determined period of time was presented as well.   
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Chapter 5. Conclusions and Future Work  

The system considered in this Thesis is a PV converter supplying a DC bus with MPPT and 

having a hybrid energy storage system (HESS) to balance power supply and load demand thus 

regulating the DC bus voltage. In order to connect the battery and supercapacitor (SC) of the HESS 

with the PV system to supply power to a DC load class C DC-DC converters are used for the 

interfaces. So, power flow can be controlled in both directions by controlling the current in the 

battery and supercapacitor. Therefore, the control scheme of the HESS is based on a single outer 

voltage loop with two inner current loops, for the inductors of the battery and SC. A low pass filter 

is used to split the fast (transient) and the slow (steady-state) components of the reference current 

obtained from the outer voltage loop, and send them to the SC and battery current loops, 

respectively. Three PI controllers have been designed to control the (inner) current through the SC 

and the battery as well as the outer DC bus voltage. The bandwidth of these controllers are chosen 

based on the speed of response of each single converter, which is a function of its switching 

frequency and type of storage medium.  

To see the performance of the PI controllers for operating with different conditions, the voltage 

across the supercapacitor was changed and consequently the value of the duty cycle of the main 

switch of the SC converter, what changes the values of the transfer function of the plant used in 

the design of the controllers. This should lead to a variation in the dynamic response of the system, 

which becomes more oscillatory as the voltage in the SC decreases. The experimental results for 

performance of PI controller were presented and it is validated the theoretical analysis and 

simulation results. In principle, by including a SC voltage control loop, presented in Section 3.2, 

one should prevent this issue. In this work, the selected reference value was the one that allows 

the SC to supply, before reaching 50% of rated voltage, and absorbing the amount of energy, before 

reaching 100% of rated voltage. 

As mentioned earlier, the main objective of the control strategy is to allow the supercapacitor 

(SC) to support the fast transients and the battery bank to provide the slow transient and steady-

state current components so as to get good static and dynamic regulation of the DC bus voltage 

while reducing the stress on the battery. For that, it is important to develop an approach to 

determine the frequency of the LPF that splits the total compensating current of the HESS in 

reference for the SC and battery converters. This would be based on how long (ms, s or minute) 
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the SC converter keeps injecting/adsorbing current for a given step load/power variation event. 

The validation of the approach for calculating the cut-off frequency and the energy 

supplied/absorbed by the SC was done by means of simulation as well as experimentally. 

A DC nano-grid can also be connected to an AC utility through interface converters, what is 

performed by a DC-AC converter or inverter. The single-phase DC-AC grid interface converter 

provides bidirectional power flow, but it draws/injects a DC component as well as an AC current 

component, leading to a voltage ripple of twice the AC side fundamental frequency. Usually, a 

large electrolytic capacitor is used to filter the voltage ripple and provide a pure DC voltage. 

However, this capacitor has a large and a short life. In order for a smaller non-electrolytic capacitor 

to be used, some sort of active power filtering needs to be done, what can be done by means of the 

HESS with a suitable control scheme. Therefore, the HESS control has been modified by adding 

a resonant element at the frequency of the disturbance to the PI controller, making it a PI+R. With 

a high gain in the DC bus voltage loop at the frequency of the disturbance, it was possible to 

achieve a significant reduction in the voltage of the DC nano-grid as shown by means of simulation 

results. 

As future work, the following is suggested: 

1) Conduct the experimental verification with the PI+R DC bus voltage controller in an AC 

utility grid connected DC nano-grid. 

2) Introduce a logic in the control of the HESS so that the battery will not further discharge if 

its State-of-Charge (SoC) is low, or charge if the SOC is high, preventing it from premature 

aging.   

3) Investigate the case where the PV converter and the HESS are not in close proximity. In 

such a case, the impedance between the converters should lead to a voltage error in the DC 

bus voltage. 
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