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Abstract—Adding new capacity expansion alternatives using distributed generation (DG) technologies, 

particularly penetration of renewable energy, has several economical, and technical advantages such as 

the reduced system costs, the improved voltage profile, lower line loss and enhanced system’s 

reliability. However, the DG units may lead to power quality, energy efficiency, and protection 

problems in the system when their penetration exceeds a particular value, generally called as the 

system’s hosting capacity (HC) in the literature.  In this paper, the HC determination of a distorted 

distribution system with Photovoltaic (PV)-based DG units is handled as an optimization problem by 

considering over and under voltage limitations of buses, current carrying capabilities of the lines, and 

harmonic distortion limitations as constraints. It is seen from simulation results that the HC is 

dramatically decreased with the increament of the load’s nonlinearity level and the utility side’s 

background voltage distortion. Accordingly, a C-type passive filter is designed to maximize the 

harmonic-constrained HC of the studied system while satisfying the constraints. The results indicate 

that higher HC level can be achieved using the proposed filter design approach compared to three 

conventional filter design approaches as voltage total harmonic distortion minimization, line loss 

minimization and power factor maximization. 

Keywords— Distributed generation; harmonic analysis; hosting capacity; optimization; passive 

filters; power quality; PV systems. 
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1. INTRODUCTION 

Distributed generation (DG) technologies are small-scale dispersed sources of electric power, 

which are placed close to the loads being served [1]-[3]. Many DG technologies exist such as 

photovoltaic (PV) cells, wind turbines, biomass, small hydro, micro-turbines, fuel cells, and others. DG 

technologies have been widely practiced in the distribution systems since they provide technical 

benefits for the power networks such as voltage profile improvement, system reliability and security 

enhancement, power loss reduction, and energy efficiency increase. Furthermore, energy crisis caused 

by the shortage of the traditional energy resources such as natural gas and petroleum, and the expanded 

interests to global warming and climate change have forced all the stakeholders including planners of 

distribution companies to focus on the widely employement of the DG technologies using 

environmentally friendly renewable energy resources [4]. Socially, renewable energy–based industries 

are more labor-intensive compared to fossil fuel–based technologies because of their continued 

development process. Hence, the investment in the DG technologies may represent a real opportunity to 

meet the load growth by adopting low-cost, low-carbon, and high-efficient capacity expansion 

alternatives [5], [6]. 

In the past, the grid interconnected DG units were weaker to cause a significant disturbance in the 

distribution system. Currently, with the notable progress in systems integration with dispersed 

generation units, this situation is changing, and the dream of 100% penetration is getting closer. 

However, excessive penetration or inappropriate DG capacities may produce undesirable effects in the 

electrical systems such as power quality, energy efficiency, and protection problems [7], [8]. The 

possible amount of DG penetration that can safely be handled by grids is called as hosting capacity 

(HC). Hence, specifying the appropriate penetration of DG units without violating the hosting limit is a 

principal factor for increasing the benefits gained from them. Accordingly, optimal planning, 

placement, and sizing of DG units in the distribution networks are considered in many works [9], [10]. 

In the literature, different design goals are considered for the optimal planning problem of DG 

units such as the reduction of the system power losses [11], reactive power management [12], voltage 

profile enhancement [13], system security and reliability improvement [14], and maximizing of the DG 

penetration. Usually, the conventional design constraints are related to the voltage limitations 

represented by the voltage variation range and overvoltages, or current limitations posed by the 

allowable loading capabilities of the lines/cables and transformers, or DG limitations represented by 

their types, numbers, sizes, and economics. However, with the increase of power electronic-based loads 

(nonlinear loads) and using of large-scale grid-connected DG units; today’s power systems suffer from 

harmonic pollution represented by harmonic voltage and current distortions. Increased levels of 

harmonic pollution can cause excessive losses or heating of all kinds of equipment as supply lines, 

transformers, power factor correction capacitors and induction motors; reducing their lifetimes [15]. 
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Besides, they can reduce the energy transfer efficiency or transmission power factor [16], [17]. To 

overcome these harmonics related problems, the international standards such as IEEE Standard 519 and 

IEC 61000-3-2 provide limits for individual and total harmonic distortion of PCC voltages and currents 

[18]. 

Many studies investigated the impact of the harmonic distortion generated by the DG units on the 

HC of distribution systems [19]-[26]. In [19], for radial distribution feeders with different load patterns, 

closed-form expressions were derived to determine the allowable penetration levels of DG units 

without exceeding the voltage harmonic distortion limits. In [20], an optimization problem was 

formulated for estimation of the allowable DG penetration level in the IEEE 18-bus benchmark system, 

while meeting a restricted voltage range and satisfying IEEE 519 limitations for total and individual 

voltage harmonic distortion. It was concluded in the same study that adding harmonic limitations in DG 

interconnection studies is important to restrict the harmonic distortion associated effects. In [21], it was 

figured out that power factor correction capacitors may lead to resonance hazards in a system with the 

PV-based DG units; consequently, harmonic filters should be used to increase the harmonic-

constrained permissible PV capacities of the systems. Similarly, [22] pointed out that harmonic filters 

should be employed for the improvement of the maximum allowable DG penetration level. In [23], a 

DG planning problem based on maximizing the DG penetration level considering the bus voltage limits 

and the IEEE 519 allowable voltage harmonic limits was solved in the IEEE 18-bus test system for ten 

loads and DG scenarios. The most significant result obtained in the same study is that decentralization 

of DG capacity could be used to attain higher DG penetration levels. Furthermore, [24] introduced the 

harmonic-constrained hosting capacity term, which means the hosting capacity by considering voltage 

harmonic distortion limits. It proposed a methodology to determine this constrained capacity by 

regarding the Norton equivalent harmonic model of the system seen from the connection point of the 

DG unit. Also, it presented the best and the worst conditions of the harmonic hosting capacity when the 

harmonic currents, which are injected by the utility and the DG unit, are in the same and reverse 

directions, respectively. In [25], a multi-criteria optimization problem of the simultaneous planning of 

passive filters and DG units was solved to minimize bus voltage total harmonic distortions, total line 

loss and investment costs of the filters and DG units. Also, [26] solved the same placement problem for 

inverter-based DG units and capacitor banks regarding voltage support and loss reduction, and it 

concluded that harmonic distortion constraints should be included in the planning problems of the 

inverter-based DG units. 

In this paper, the HC determination of a distorted distribution system containing Photovoltaic 

(PV)-based DG units is considered as an optimization problem by taking into account over and under 

voltage limitations of buses, current carrying capabilities of the supply lines, and harmonic distortion 

limitations such as maximum permissible total and individual harmonic distortion levels of the current 
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and voltage. Thus, in the first part of the paper, for the PV-based DG units, the hosting capacity of a 

typical two bus distribution system is parametrically analysed under various utility side’s background 

voltage distortion and load’s current distortion (or the load’s nonlinearity level).  

In the second part of this paper, optimal passive harmonic filter design approach is proposed to 

maximize the hosting capacity while satisfying the above mentioned constraints and the desired power 

factor level. The proposed approach can be implemented for any kind of filter. However, in this study, 

the proposed approach is demonstrated with the C-type filters since they do not have resonance 

problem and have low power loss at the fundamental frequency compared to other passive filter types 

[27]-[29].  

Finally, to show the effectiveness of the proposed filter design approach, the results of the 

proposed one and three conventional filter design approaches, which are based on voltage total 

harmonic distortion minimization, line loss minimization and power factor maximization, are 

comparatively evaluated for the studied system. 

2. METHODS 

In this section, background on the HC control, problem formulations of the proposed and 

conventional filter designs approaches, and the search algorithm developed for simultaneous sizing of 

DG unit and the passive filter will be presented: 

2.1. Hosting capacity control  

Generally, the term “penetration” concerns with the peak load or energy on a yearly time-scale. In 

this work, the peak instantaneous penetration (PIP) is regarded as the ratio of the DG power to the 

load’s rated power. For a particular system, the PIP ratio is a proper measure for studying the impact of 

the DG’s power on the power quality of the system [30]. In this regards, the HC of distribution 

networks indicates the DG penetration level that the grid can withstand before violating anyone of the 

performance indices [31], as illustrated in Fig. 1.  
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Fig. 1 Conception of the HC 

 

It is seen from this figure that the increament of the DG penetration is limited by performance 

indices. Under sinusoidal conditions, the first and the most important performance index is the bus 

voltage, as overvoltage will occur with introducing a DG unit into a particular bus; hence, it should be 

limited. The second main index is the current carrying capability of the lines/cables, and the third index 

that may be taken into consideration is the substation transformer’s power [32]. However, under non-

sinusoidal conditions, the maximum permissible values of the total and individual harmonic distortion 

indices provided by the international standards limits the DG penetration level or the system’s HC; 

hence, suitable corrective actions should be employed to mitigate them. For example, for the simplified 

2-bus distribution system given in Fig. 2, the voltage rise (ΔV) due to a DG unit connection can be 

expressed as follows: 

𝛥𝑉 = 𝑉𝐿 − 𝑉𝑆 ≅
𝑃∗𝑅

|𝑉𝑆|
+

𝑄∗𝑋

|𝑉𝑆|
                                               (1) 

VS is the nominal system voltage, i.e. the voltage at the slack bus, and VL is the voltage at the load bus. 

R and X are the equivalent resistance and reactance of the line/cable and transformer, respectively. P 

and Q are the net active and reactive power injected into the system, respectively.  

 

Fig. 2 Simplified 2-bus system with a DG unit connected at the load bus 

 

It is clearly seen from (1) that the factors affecting the voltage rise (𝛥𝑉) and hence the HC are the 

|VS|, (P*R), and (Q*X). Firstly, |VS| is a parameter specified by the distribution system operator, and it 

can be controlled by adjusting the set-point of the on-load tap changers in the substation transformers or 

replacing cables with thicker ones. The cable reinforcement (or replacing cables with thicker ones) will 

decrease the cable’s impedance parameters as R and X, the voltage drop across it, and increase its 

current carrying capability. However, this solution is not always possible because of the economic 

considerations. Also, reactive power management can successively be implemented to control Q either 

by controlling the power factor of the inverter or by supporting the reactive power using capacitor 

banks. In the case of distorted systems, harmonic filters should be replaced with the capacitor banks. 

Moreover, an active power control can be planned using energy storage techniques or reactive power 
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curtailment. Here, it should be noted that choosing the right solution may depend on other factors such 

as (Q/P) or (X/R) ratios.  

One can see from the explanations given up to now that the HC index can be controlled and 

increased to allow its higher values. Accordingly, in this work, two main goals are desired: 

(i) Evaluation of the HC of distorted distribution systems, and showing the effect of the harmonic 

distortion on the system’s HC, while considering background voltage distortion, DG harmonic 

currents, and various nonlinearity levels of the loads.  

(ii) Increasing of the harmonic-constrained HC by using passive filtering, while satisfying the 

common requirements implied in the DG optimization problems. 

2.2. Problem formulation 

Detailed modeling of the system under study and the problem formulations of the proposed and 

traditional optimal filter design approaches are given as follows: 

2.2.1. The system under study 

Single line diagram of the studied typical two bus distribution system is given in Fig. 3. It 

consists of a symmetric distribution line, a group of balanced linear and nonlinear loads, PV-based DG 

units with their transformer, and a passive harmonic filter. This system except DG units was considered 

as a benchmark system to test the performance of optimal passive filter designs in many works [27]-

[29]. In the considered benchmark system, the nonlinear load is the six-pulse rectifier, which is one of 

the most widely used non-linear loads. 

For straight forward and accurate frequency domain analysis, the load side of the studied system 

is modelled as a combination of harmonic current sources and passive circuit elements. In addition, its 

utility side is represented using its hth harmonic Thevenin equivalent circuit. By taking into 

consideration the harmonic model of the system, the harmonic power flow (HPF) method is used to 

calculate the currents/voltages of the system for each harmonic order h. The HPF has three sequential 

steps as follows:  

(i) Running power flow analysis for the fundamental frequency. In this study, the Newton-

Raphson (NR) algorithm, which is well-known in the literature, is used for power flow 

analysis [25]. For the power flow at the fundamental frequency; utility and load buses are 

modelled as slack and PQ buses, respectively, and the admittance matrix represents the 

distribution line. 

(ii) Updating the harmonic impedances of the linear loads and the harmonic currents of the 

nonlinear loads and the PV-based DG units according to the results of the fundamental power 

flow. 

(iii) Calculation of the non-fundamental harmonic bus voltages using the nodal equations at each 

harmonic order, as follows: 
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[𝑌ℎ][𝑉ℎ] = [𝐼ℎ]                (2) 

The hth harmonic load admittance (𝑦𝑙𝑜𝑎𝑑
ℎ ), and line admittance (𝑦𝑙𝑖𝑛𝑒

ℎ ) are expressed respectively, 

as follows [34]:  

𝑦𝑙𝑜𝑎𝑑
ℎ =

1

𝑍𝑙𝑜𝑎𝑑
ℎ =

𝑃𝐿
1

|𝑉𝐿
1|

2 − 𝑗
𝑄𝐿

1

ℎ|𝑉𝐿
1|

2                   (3) 

𝑦𝑙𝑖𝑛𝑒
ℎ =

1

𝑍𝑙𝑖𝑛𝑒
ℎ =

1

𝑅𝑙𝑖𝑛𝑒
ℎ +𝑗𝑋𝑙𝑖𝑛𝑒

ℎ               (4) 

where |𝑉𝐿
1|, 𝑃𝐿

1, and 𝑄𝐿
1 represent the PCC rms voltage (phase-to-neutral), single-phase active power of 

the linear load, and single-phase reactive power of the linear load, respectively, at the fundamental 

frequency. 𝑅𝑙𝑖𝑛𝑒
ℎ  and 𝑋𝑙𝑖𝑛𝑒

ℎ  represent the hth harmonic supply line’s resistance, and supply line’s 

reactance, respectively. Also, 𝑍𝑙𝑜𝑎𝑑
ℎ  and 𝑍𝑙𝑖𝑛𝑒

ℎ  are the hth harmonic impedance of the load and the line, 

respectively.  

 

 

Fig. 3 The system under study 

Linear load group are modelled as a parallel combination of a resistance in parallel with a 

reactance [25]. Nonlinear loads are modelled as a current source 𝐼𝐶
ℎ that injects harmonic current into 

the system at harmonic order h, and this can be formulated as follows: 

𝐼𝐶
ℎ = 𝐶(ℎ)𝐼𝐶

1                 (5) 

so that,  

 𝐼𝐶
1 = [

(𝑃𝑁𝐿
1 +𝑗𝑄𝑁𝐿

1 )

𝑉𝐿
1 ]

∗

               (6) 

where, 𝑃𝑁𝐿
1  and 𝑄𝑁𝐿

1 are the nonlinear loads’ active power and reactive power at the fundamental, 

respectively. 
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In this work, according to the harmonic domain model of DG units widely considered in the 

literature [21]- [23], the harmonic current emission of the PV-based DG units (𝐼𝐷𝐺
ℎ ) is assumed to 

change linearly with their total installed power of the DG (𝑃𝐷𝐺), so that; 

𝐼𝐷𝐺
ℎ = 𝐼𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

ℎ 𝑃𝐷𝐺

𝑉𝑏𝑢𝑠
               (7) 

where 𝐼𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚
ℎ  represents the harmonic spectrum of a typical PV-based DG unit [26]. This model is 

based on the rated power of the PV inverters. Depending on the phase angles of the harmonic currents 

generated by the nonlinear loads and the PV-based DG units, the resultant phasor nonlinear current (𝐼ℎ̅) 

can be given as follows: 

 𝐼ℎ = 𝐼𝐶
ℎ − 𝐼𝐷𝐺

ℎ                                                                     (8) 

Different nonlinear types of equipment connected to a PCC indeed have different harmonic 

spectra. However, the resultant current from their combination is in general lower than the arithmetic 

sum of their magnitudes [24]. Let us assume two distorted currents with different harmonic spectra; the 

resulting current from their phasor combination will have the lowest distortion when the phase 

difference is 180 degrees (π radians) between the two harmonic sources. Hence, we can say that the 

best phasor scenario will take place when the currents are in anti-phase. On the contrary, the resulting 

current from their phasor combination will have the highest distortion when the phase difference equals 

zero. Hence, we can say that the worst phasor scenario (arithmetic sum) will take place when the 

currents are in-phase.  

On the other hand, according to IEC standard 61000-3-6 [33], the sum of the harmonic currents 

drawn by the nonlinear load and DG units can be found in the case of unknown phase angles as 

follows: 

𝐼ℎ,𝑠𝑢𝑚
𝜎 =  ∑ 𝐼ℎ,𝑖

𝜎
𝑖               (9) 

where σ is the summation exponent, 𝐼ℎ,𝑠𝑢𝑚
𝜎  is the resultant harmonic current from summation, and 𝐼ℎ,𝑖

𝜎  is 

the ith individual harmonic components of the same order. Also, σ varies according to the harmonic 

order, as follows [33]: 

𝜎 = {

1, 5

1.4, 5 15

2, 15



 



if h

if h

if h

            (10) 

Besides, a linear summation is assumed for the identical inverters of the PV-based DG units, i.e. 

harmonic content increases with the penetration of DG. In the case of multiple different inverters in 

grid-connected large-size PV installations, another formula using harmonic summation ratio (𝜁ℎ) may 

be employed with different weighting factors. Readers could refer to [34] for more details about equal 

(𝜁ℎ = 0), linear (𝜁ℎ = 1), and Euclidean (𝜁ℎ =
1

√𝑁
) summations under such cases, where N is the 

number of inverters. 
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In Fig. 3, F denotes a C-type passive filter. Fig. 4 shows the single-phase equivalent circuit of the 

C-type filter. In general, it is a high-pass filter that provides sufficient harmonic filtering for a broad 

range of harmonics, damps resonance may occur, and has very low power loss compared to other 

passive filter types [27]- [29].  

 

Fig. 4 Single-phase equivalent circuit of the C-type filter 
 

It consists of the main capacitive reactance (𝑋𝐶𝐹1) in series with a parallel combination of series 

branch, of inductive reactance (𝑋𝐿𝐹) - capacitive reactance (𝑋𝐶𝐹2), and a damping resistor (𝑅𝐹). 𝑋𝐶𝐹1 

provides the required capacitive compensation at the fundamental frequency to compensate the reactive 

power which is necessary for supporting voltage and reducing line loss and improving the power factor 

(PF). The inductive reactance (𝑋𝐿𝐹) and the capacitive reactance (𝑋𝐶𝐹2) should be equal at the 

fundamental frequency, i.e. (𝑋𝐶𝐹2=𝑋𝐿𝐹 = 𝑋𝐹), to bypass the resistor for the fundamental harmonic. The 

hth harmonic impedance can be expressed as; 

𝑍𝑓𝑖𝑙𝑡𝑒𝑟
ℎ = −𝑗

𝑋𝐶𝐹1

ℎ
+

𝑗𝑅𝐹𝑋𝐹(ℎ2−1)

ℎ𝑅𝐹+𝑗𝑋𝐹(ℎ2−1)
           (11) 

Therefore, for the equivalent circuit of the studied system given in Fig. 3, the harmonic phase 

voltage 𝑉𝐿
ℎ at the point of common coupling (PCC) between the utility system and the consumer can be 

calculated using Equation (12) as follows: 

𝑉𝐿
ℎ = [

𝑉𝑆
ℎ

𝑍𝑙𝑖𝑛𝑒
ℎ − 𝐼ℎ] [

1

𝑍𝑙𝑖𝑛𝑒
ℎ +

1

𝑍𝑙𝑜𝑎𝑑
ℎ +

1

𝑍𝑓𝑖𝑙𝑡𝑒𝑟
ℎ ]

−1

                                (12) 

Also, the hth harmonic line current 𝐼𝑙𝑖𝑛𝑒
ℎ  is expressed as follows: 

𝐼𝑙𝑖𝑛𝑒
ℎ =

𝑉𝑆
ℎ−𝑉𝐿

ℎ

𝑍𝑙𝑖𝑛𝑒
ℎ                  (13) 

where, 𝑉𝑆
ℎ represents the hth harmonic substation voltage. Finally, the active line losses (∆𝑃𝑙𝑖𝑛𝑒), and 

the filter loss (∆𝑃𝑓𝑖𝑙𝑡𝑒𝑟) can be expressed, respectively, as follows: 

∆𝑃𝑙𝑜𝑠𝑠 = ∑ |𝐼𝑙𝑖𝑛𝑒
ℎ |

2
𝑅𝑒{𝑍𝑙𝑖𝑛𝑒

ℎ }
ℎ𝑚𝑎𝑥
ℎ=1                                                                       (14) 

∆𝑃𝑓𝑖𝑙𝑡𝑒𝑟 = ∑ |
𝑉𝐿

ℎ

𝑍𝑓𝑖𝑙𝑡𝑒𝑟
ℎ |

2

𝑅𝑒{𝑍𝑓𝑖𝑙𝑡𝑒𝑟
ℎ }

ℎ𝑚𝑎𝑥
ℎ=1              (15) 

2.2.2. The proposed filter design  
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The objective of the simultaneous sizing of the passive filter and the PV-based DG units is to 

achieve the maximum allowable penetration which can safely be hosted by the distorted distribution 

network. Equations (16) and (17) mathematically define the HC and the proposed objective function 

(𝑂𝐹1), respectively. 

 𝐻𝐶 (%) =
𝑃𝐷𝐺

𝑆𝑟𝑎𝑡𝑒𝑑
∗ 100                                                                                                               (16) 

𝑂𝐹1 = 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝐻𝐶 = 𝑓1(𝑋𝐶𝐹1, 𝑋𝐹 , 𝑅𝐹 , 𝑃𝐷𝐺)                      (17) 

where 𝑃𝐷𝐺 represents the capacity of the PV-based DG units, and 𝑆𝑟𝑎𝑡𝑒𝑑 represents the rated power of 

the DG/load bus. Various constraints are formulated to guarantee the DG penetration level without 

violating the performance indices: 

(i) Bus voltage limits: The bus rms voltage (𝑉𝐿
𝑟𝑚𝑠) should be confined within its predetermined 

minimum and maximum limits, denoted as 𝑉𝐿,𝑚𝑖𝑛
𝑟𝑚𝑠  and 𝑉𝐿,𝑚𝑎𝑥

𝑟𝑚𝑠 , respectively, so that: 

𝑉𝐿,𝑚𝑖𝑛
𝑟𝑚𝑠 ≤ √|𝑉𝐿

1|2 + ∑ |𝑉𝐿
ℎ|

2ℎ𝑚𝑎𝑥
ℎ=2 ≤ 𝑉𝐿,𝑚𝑎𝑥

𝑟𝑚𝑠                      (18) 

According to the ANSI C84.1 guidelines [35], 𝑉𝐿,𝑚𝑖𝑛
𝑟𝑚𝑠  and 𝑉𝐿,𝑚𝑎𝑥

𝑟𝑚𝑠  are considered as 0.95 p.u. and 

1.05 p.u, respectively.  

(ii) Total harmonic distortion limits: The IEEE Std. 519-2014 imposes limits on the voltage total 

harmonic distortion (THDV) at the PCC, as follows: 

𝑇𝐻𝐷𝑉 (%) =
√∑ |𝑉𝐿

ℎ|
2

ℎ>1

|𝑉𝐿
1|

∗ 100 ≤ 𝑇𝐻𝐷𝑉𝑚𝑎𝑥(%)         (19) 

Also, the total demand distortion (TDD) measured at the PCC should be limited, so that; 

𝑇𝐷𝐷(%) =
√∑ |𝐼𝑙𝑖𝑛𝑒

ℎ |
2

ℎ>1

I𝑅
100 ≤ 𝑇𝐷𝐷𝑚𝑎𝑥(%)          (20) 

where, THDVmax and TDDmax signify the maximum values permitted by IEEE 519 for both the THDV 

and TDD, respectively. Also, IR is the rated line current. 

(iii) Individual harmonic distortion (IHD) limits: The IEEE Std. 519 demands users to limit the 

individual harmonic voltages 𝑉𝐿
ℎ and currents 𝐼𝑙𝑖𝑛𝑒

ℎ  measured at the PCC so that the weekly 95
th

 

percentile short-time (10 minutes) harmonic voltages/currents should be less than specific values that 

depend on voltage level, frequency range, and system strength. The hth harmonic individual voltage 

and current harmonics, denoted as IHDVh and IHDCh, should be limited as follows: 

𝐼𝐻𝐷𝑉ℎ (%) = |
𝑉𝐿

ℎ

𝑉𝐿
1 | ∗ 100 ≤ 𝐼𝐻𝐷𝑉𝑚𝑎𝑥(%)                                (21) 

𝐼𝐻𝐷𝐶ℎ (%) = |
𝐼𝑙𝑖𝑛𝑒

ℎ

𝐼𝑙𝑖𝑛𝑒
1 | ∗ 100 ≤ 𝐼𝐻𝐷𝐶𝑚𝑎𝑥(%)                     (22) 

where IHDVmax and IHDCmax represent their maximum allowed values documented in IEEE 519.  
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(iv) Current carrying capability of the supply line: Regarding distorted line/cable currents; 

harmonic derating factor (HDF) or the current carrying capability of the line/cable [29] should not 

exceed 100%, so that; 

𝐻𝐷𝐹 (%) = ∑ (
𝑅𝑙𝑖𝑛𝑒

ℎ

𝑅𝑙𝑖𝑛𝑒
1 )ℎ≥2 |

𝐼𝑙𝑖𝑛𝑒
ℎ

𝐼𝑙𝑖𝑛𝑒
1 |

2

∗ 100 ≤ 100(%)         (23) 

(v) DG capacity limit: To ensure the introduction of DG units into the distribution system will 

reduce all the net transmission power losses, the power provided by the DG units should not exceed a 

certain percentage of the total feeder load [26]. In this work, 100% penetration is taken as the limiting 

value. Additionaly, regarding the IEEE Std. 1547 for the interconnection of DG units with power 

networks [36], the DG units shall not change the bus voltage so it is assumed that the PV-based DG 

unit generates only active power, i.e. operating at unity power factor.  

(vi) Power factor (PF) range: To increase the energy transfer efficiency of the system; the PF 

measured at the PCC should be maintained in its acceptable range, so that; 

𝑃𝐹 =
𝑃

𝑆
=

3 ∑ |𝑉𝐿
ℎ||𝐼𝑙𝑖𝑛𝑒

ℎ | cos θhℎ

3√∑ |𝑉𝐿
ℎ|

2
ℎ √∑ |𝐼𝑙𝑖𝑛𝑒

ℎ |
2

ℎ

                                                                              (24)  

0.95 ≤ 𝑃𝐹 ≤ 1.00                                                         (25) 

where P and S represent the true active and apparent power demand from the utility, respectively. 

Consecutively, the inequalities shown in (18) to (23), and (25) are formulated as nonlinear constraints 

in the optimization problem. All are represented as functions of the design variables 𝑋𝐶𝐹1, 𝑋𝐹, 𝑅𝐹, and 

𝑃𝐷𝐺.  

2.2.3. The traditional filter designs  

In the analysis, three traditional objective functions for passive filter designs such as the THDV 

minimization, TDD minimization, and PF maximization, will comparatively be evaluated with the 

proposed optimal design approach. Their objective functions can be expressed as follows: 

𝑂𝐹2 = 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑇𝐻𝐷𝑉 = 𝑓2(𝑋𝐶𝐹1, 𝑋𝐹 , 𝑅𝐹)                       (26) 

𝑂𝐹3 = 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∆𝑃𝑙𝑜𝑠𝑠 = 𝑓3(𝑋𝐶𝐹1, 𝑋𝐹 , 𝑅𝐹)                       (27) 

𝑂𝐹4 = 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑃𝐹 = 𝑓4(𝑋𝐶𝐹1, 𝑋𝐹 , 𝑅𝐹)                       (28) 

All the traditional approaches subject to the same constraints presented for the proposed optimal 

design approach. 

2.3. Search algorithm 

The genetic algorithm (GA) is used to solve the presented search problems. GA method is a 

heuristic method, which is applied extensively in power engineering problems. Besides, GA was 

successfully used to solve the optimal passive filter design problem in the literature [37]. Briefly, the 

algorithm is initiated with a set of random solutions called population. Individuals from one population 

are evaluated based on the values of the OFs, i.e., their fitness. The fitness is a figure of merit of the 
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individual or how well it fits with the required goals; the more fitness, the more likelihood of being 

chosen.  

A selection procedure is performed for improving the population's fitness and keeping only the 

best individuals. Consequently, combining aspects of the selected individuals is undertaken to inherit 

their best features using the crossover. Small changes at random are involved to append randomness for 

the populations, which are represented by a mutation probability. Then, the algorithm will iterate to 

give the next generations until a termination condition is reached. Hence, the best solution is returned to 

designate the optimum (global) solution.  

Regarding the minimization problems under study, the fitness functions are taken as the negative 

of the corresponding objective functions. For the maximization problem under study, the fitness 

function is considered the same as the objective function. Besides, the parameters of GA are set to a 

population size of 100 individuals, mutation probability equals 0.01, crossover probability equals 0.8, 

and a termination condition is set as 30 generations [38].  

Fig. 5 shows a detailed flowchart of the proposed search algorithm to find the optimal size of the 

C-type filter and the HC of the considered system. 
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Fig. 5. The proposed search algorithm 

 

3. RESULTS AND DISCUSSION 

In this section, firstly, the DG hosting capacity of the studied system is parametrically analysed 

under various utility side’s background voltage distortion and the load’s nonlinearity level. Secondly, 

the results of the proposed and traditional optimal filter design approaches obtained by GA are 

comparatively evaluated to show the effectiveness of the proposed one on the hosting capacity 

improvement for the system under study. Thirdly, to point out the validity of the results provided by 

GA, the considered filter design problems are also solved by Grid Search (GS) method [29], which one 

of the well-known and the most reliable optimization methods. 

3.1. Numerical data and design considerations 

The studied system has 13.8 kV balanced three-phase source voltage at the fundamental 

frequency. It has a symmetric three-phase distribution line with voltage and current ratings as 13.8 kV 

and 314 amperes for an aluminium conductor with a cross-section area of 4/0 AWG and a length of 
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2.85 km. For fundamental harmonic, the resistance and inductive reactance values (𝑅𝑙𝑖𝑛𝑒
1  and 𝑋𝑙𝑖𝑛𝑒

1 ) of 

the distribution line are 0.855 Ω, and 1.165 Ω, respectively. The nonlinear loads are 6-pulse drive loads 

which have the harmonic current spectrum presented in Table 1 [39]. Besides, the harmonic spectrum 

of a typical PV-based DG unit is considered as shown in Table 2 [40]. To see the worst case of the HC 

under harmonically contaminated system conditions, the harmonic currents generated by the nonlinear 

loads and DG units are selected in-phase. Additionally, Table 3 [18] gives the IEEE Std. 519 

limitations of the characteristic harmonic components of the studied system. According to the same 

standard, for the system, the limits of the total voltage harmonic distortion and total (THDVmax) demand 

distortion (TDDmax) are 5% and 8%, respectively. 

Table 1 

Harmonic current spectrum of typical 6-pulse nonlinear loads 

h 5 7 11 13 17 19 23 25 29 

Magnitude (%) 20 14.3 9.1 7.7 5.9 5.3 4.3 4.0 3.4 

 

Table 2 

Harmonic current spectrum of the PV-based DG unit [39] 

h Magnitude (%) h Magnitude (%) h Magnitude (%) 

2 1.1294 12 0.7963 22 0.3980 

3 3.2708 13 0.4559 23 0.2093 

4 0.2624 14 1.0623 24 0.3538 

5 3.4828 15 0.3045 25 1.3338 

6 0.1244 16 0.5026 26 0.1925 

7 1.1229 17 1.4810 27 0.6109 

8 0.8193 18 0.5871 28 1.1996 

9 0.4866 19 1.1377 29 0.8976 

10 0.8423 20 0.7120 30 0.6741 

11 0.6719 21 0.4987 31 0.4321 

Table 3 

IEEE Std. 519 limitations of the characteristic harmonic components of the system under study 

h 5 7 11 13 17 19 23 25 29 

IHDVmax (%) 3.0 

IHDCmax (%) 7.0 7.0 3.5 3.5 2.5 2.5 1.0 1.0 1.0 

To properly evaluate the impact of the harmonic pollution on the system’s HC and the filter 

performances, the system is simulated under various load-side’s nonlinearity levels and utility-side’s 

background voltage distortion: 

(i) Load-side’s nonlinearity level (NLL): The ratio of the apparent powers drawn by the 

nonlinear loads and total loads connected to the PCC increases gradually from 0% to 25%. 

(ii) Utility-side ’s background voltage distortion (BVD): The utility-side’s background voltage 

distortion increases gradually from 0% to 4.5%. Table 4 presents the spectrum of BVD at 

4.5%. 
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Table 4 

Harmonic voltage spectrum of utility side’s background voltage distortion 

h 5 7 11 13 17 19 23 25 29 

Magnitude (%) 3.0 2.0 2.0 1.0 1.0 1.0 1.0 0.5 0.5 

Additionally, it is also aimed to investigate that the effect of the harmonic emission summation of 

the nonlinear load and DG on the analysis results. For this aim, two expressions are considered in the 

analysis. The first expression is the phasor or arithmetic sum given in (8), and the second one is the 

summation formula of the IEC 61000-3-6 standard [33] given in (9) and (10). In the phasor summation 

method, it is assumed that the harmonic angle is zero that it represents the worst harmonic aggregation 

between DG and nonlinear load. 

3.2. Initial HC assessment 

For the above mentioned NLL and BVD intervals, the HC value of the studied system without the 

filter is analysed here. As mentioned before, to find the HC value of the system, the penetration level of 

the PV-based DG units is increased from 0% with small steps. Thus, the maximum penetration level 

without the violation of the constraints given in (18)-(23) is determined as the HC. It should be noted 

that during the simulations, the substation voltage is assumed fixed at 13.8 kV, and the apparent power 

of the total load is kept at its rated value as 7.5 MVA. Therefore, for the considered NLL and BVD 

values, the contour of the HC are found by considering the IEC and the phasor summation rules. The 

results are given in Fig. 6. It is seen from Fig. 6 (a) that the HC based on IEC summation rule is found 

around 100%  for the NLL values below 15%. Additionally, for the NLL values higher than %15, it 

considerably decreases under all BVD interval, and it is nil for the NLL and BVD values as 25% and 

4.5%, respectively. On the other hand, Fig. 6 (b) shows that the HC based on phasor summation rule is 

strongly deteriorated with the increament of NLL and BVD. It has the highest value around 90% for 

both NLL and BVD values close to 0%, and it is nil for the NLL and BVD values as 25% and 4.5%. 
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(a) Harmonic summation on the basis of the IEC summation rule 

 

(b) Harmonic phasor summation  

 

Fig. 6. Trends of the HC under non-sinusoidal conditions 
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In Fig. 7, for the DG penetration values between 0% and 100%, the variations of the most 

problematic performance indices as THDV, TDD, IHD23 and IHD25 are plotted under three NLL and 

BVD cases: nonsinusoidal utility voltage with moderate nonlinear load case (NLL=15% and 

BVD=4.5%), sinusoidal utility voltage with highly nonlinear load case (NLL=25% and BVD=0%) and 

nonsinusoidal utility voltage with highly nonlinear load case (NLL=25% and BVD=4.5%). Note that in 

this figure the performance indices have normalized values, and 1% is the normalized limit value for all 

of them. It is seen from Fig. 7 that the HC based on IEC summation rule is restricted by THDV and 

TDD in the nonsinusoidal utility voltage with moderate nonlinear load and sinusoidal utility voltage 

with highly nonlinear load cases, respectively. On the other hand, THDV and IHDC25 are main factors 

to restrict the HC based on the phasor summation rule in both cases, respectively. Lastly, under the 

nonsinusoidal utility voltage with highly nonlinear load case, the HC based on IEC and phasor 

summation rules strongly depend on THDV and IHDC25. It is also evident that including the harmonic 

limitations in the typical problem of maximizing the penetration considerably reduce the design 

freedom to host more capacity.  

3.3. Increasing the HC using the proposed filter design 

Impacts of the optimal filter designs on the HC are investigated for the system under study. For 

comparison among the filters designed according to the four OFs; the NLL and BVD are set at 25% and 

4.5%, respectively. This perspective represents the highest right corner of Fig. 6 (worst point) under the 

most severe condition, i.e. zero percent penetration is possible, as validated in Fig. 6 and Figs 7(e) and 

7(f). For this case, Table 5 gives the optimal parameters of the four different filter designs found by 

using both GA and GS optimization techniques. It is seen from the same table that all obtained filter 

designs have different RF and XF values. In addition, the size of the filters at fundamental frequency, 

which is represented by the reactive power (
1

1F L CFQ V X ), is slightly larger for the proposed one 

when compared to traditional three filter designs since XCF1 of the proposed filter design is slighltly 

lower than XCF1 values of the others. This may lead to a slight increament in the cost of the proposed 

one compared to the costs of the others. 

For GA and GS methods, Table 6 presents values of the HC and performance parameters 

achieved by four optimal filter designs. Compared to the uncompensated system results included in 

Table 6, the designed filters increase the HC level, while enhancing the voltage, improving the power 

factor, and filtering the harmonics. However, the results can be considered comparable with regards to 

the performance indices, but this is not the case for the results of the HC. Moreover, straightforward 

objectives to minimize harmonic distortion (OF2), or to maximize the power factor (OF4) introduce low 

percentage of voltage and current distortions, respectively, but with considerably low hosting 

capacities.  
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(a) 15% NLL and 4.5% BVD on the basis of the 

IEC summation rule 

 (b) 15% NLL and 4.5% BVD on the basis of the 

phasor summation 

 

  

 

(c) 25% NLL and 0% BVD on the basis of the 

IEC summation rule 

(d) 25% NLL and 0% BVD on the basis of the 

phasor summation 

  
(e) 25% NLL and 4.5% BVD on the basis of the 

IEC summation rule 

(f) 25% NLL and 4.5% BVD on the basis of the 

phasor summation 

Fig. 7. Initial HC assessment at three distortion levels 

Restricted HC 

Restricted HC 

Restricted HC 

Restricted HC 

Zero HC 
DG cannot be integrated 

 

Zero HC 
DG cannot be integrated 
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Table 5 

Optimal size of parameters of the designed filters 

Objective functions 

Algorithms 

GA  GS 

𝑿𝑪𝑭𝟏(p.u.) 𝑿𝑭(p.u.) 𝑹𝑭(p.u.)  𝑿𝑪𝑭𝟏(p.u.) 𝑿𝑭(p.u.) 𝑹𝑭(p.u.) 

OF1 (Max HC) 1.6808 0.1782 0.6374  1.6832 0.1769 0.6396 

OF2 (Min THDV) 1.7070 0.1175 1.0507  1.6856 0.1154 1.2332 

OF3 (Min ∆𝐏𝐥𝐨𝐬𝐬) 1.6845 0.3569 3.0420  1.6844 0.3760 3.1231 

OF4 (Max PF) 1.6845 0.2451 0.9054  1.6856 0.2337 0.8874 

 

Table 6 

Performance indices and hosting capacities obtained using the designed filters 

Parameters 

 
Algorithms 

GA  GS 

No 

filter 
OF1 OF2 OF3 OF4 

 
OF1 OF2 OF3 OF4 

THDV (%) 5.68 3.69 3.17 4.52 3.94  3.68 3.17 4.55 3.91 

TDD (%) 7.10 7.79 7.99 6.04 6.75  7.79 7.99 6.04 6.80 

PF (%) 77.43 99.75 99.68 99.69 99.78  99.75 99.65 99.69 99.78 

ΔPloss (kW) 224.25 184.87 184.95 184.28 184.50  184.87 185.02 184.27 184.57 

HDF (%) 99.28 99.17 99.17 99.47 99.35  99.17 99.17 99.47 99.34 

HC (%) 0.00 54.12 18.95 14.63 35.67  53.03 18.56 14.04 35.55 

 

In addition to the above mentioned evaluations, it can be concluded from Table 5 and 6 that GA 

and GS optimization techniques give very close results for the considered optimization problem. As 

well as the capability to reduce the transmission losses, while satisfying the different design constraints, 

the filter design based on the proposed objective function (OF1) results in considerably higher HC 

percentages compared to the considered three traditional filter designs. On the other hand, the designed 

filter based on OF3 introduces the lowest HC value for the simulated case.  

The effect on HC level of the proposed filter design, presented in Table 5 for NLL and BVD 

values as 25% and 4.5%, is investigated under the non-sinusoidal test conditions considered in Fig. 6. 

The results are plotted in Fig. 8. For all test conditions, 100% penetration of the DG unit is achieved 

with the proposed filter design if the HC is computed by regarding the IEC harmonic emission 

summation formula (see Fig. 8 (a)). However, this case is not observed for the HC computation based 

on phasor summation rule (see Fig. 8 (b)). Beside, it is seen from Fig. 6 (b) and 8 (b) that the proposed 

filter design improves the system’s HC under all test cases except the small part around NLL=0% and 

BVD=4%. This means that it is capable of increasing the harmonic-constrained capacities under 

different harmonic distortion levels which validate the proposed filter robustness. In addition to these 

results, under the three particular cases of NLL and BVD aforementioned in Fig. 7, Fig. 9 shows the 

variation of the most problematic harmonic distortion indices with the increament of DG penetration 

level before and after adding the proposed filter design into the system. Fig. 9 (a) points out that the 
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harmonic distortion indices does not limit the HC based on the IEC summation rule for the system with 

the filter. However, it is seen from Fig. 9 (b) that this is not the case for the HC based on the phasor 

summation rule. In addition, the harmonic index, which limits the HC based on the phasor summation, 

can be different for the system without and with the proposed filter design. This means that for the 

maximization of the HC the filter design is not a straight forward problem. 

 

(a) Harmonic summation on the basis of the IEC summation rule 

 

(b) Harmonic phasor summation  

Fig. 8. Trends of the HC after applying the proposed filter   
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(a) 15% NLL and 4.5% BVD on the basis of the IEC 

summation rule 

 (b) 15% NLL and 4.5% BVD on the basis of the 

phasor summation 

 

  

 

 (c) 25% NLL and 0% BVD on the basis of the IEC 

summation rule 

(d) 25% NLL and 0% BVD on the basis of the phasor 

summation 

  
(e) 25% NLL and 4.5% BVD on the basis of the IEC 

summation rule 

(f) 25% NLL and 4.5% BVD on the basis of the 

phasor summation 

Fig. 9. HC assessment after applying the proposed filter at the considered levels 
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Increased HC 
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is possible 

Zero HC 
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Zero HC 
DG cannot be integrated 
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The obtained performance indices results of the designed filter via OF1 at 25% NLL and 0% 

BVD in the frequency-domain analysis using the HPF are validated at the time-domain simulations by 

modelling of the system in the Simulink environment of MatLab software. Table 7 shows the 

reasonable agreement between both simulation results. 

Table 7 

Frequency-domain and time-domain simulation results of the proposed filter 

Parameters THDV (%) TDD (%) PF (%) VL (p.u) ΔPloss (p.u.) 

Frequency-domain analysis 3.8415 1.7252 99.8776 0.9707 0.0245 

Time-domain analysis 3.7200 1.7250 99.8829 0.9704 0.0256 

4. CONCLUSIONS 

In this paper, the HC determination of a distorted distribution system with Photovoltaic (PV)-

based DG units is handled as an optimization problem by considering over and under voltage 

limitations of buses, current carrying capabilities of the lines, and harmonic distortion limitations as 

constraints. In the algorithm developed for the solution of the formulated optimization problem, the 

harmonic power flow method is used to calculate the harmonic components. Numerous simulations are 

conducted to show the effect of source and load nonlinearities on the studied system’s hosting capacity. 

Results have demonstrated that the higher the harmonic distortion, the lower the hosting capacity of the 

system.  

As a result, a C-type passive filter is designed to maximize the harmonic-constrained hosting 

capacity of the system, while enhancing the voltage, improving the power factor, and filtering the 

harmonics. The genetic algorithm has been used for the simultaneous determination of the optimal filter 

size and the maximum DG penetration level for the system. Here it should be noted that to show the 

validity of the results, the solution of the considered optimization problem is also found using Grid 

Search Method, which is one of the oldest and most reliable optimization methods. 

The obtained results indicate that more hosting capacity can be achieved using the proposed filter 

design approach compared to three conventional filter design approaches, which are based on voltage 

total harmonic distortion minimization, line loss minimization and power factor maximization. Also, in 

the case of very high harmonic distortion levels and high power applications, active or hybrid 

combination of active and passive filters can be designed with the proposed objective function of 

maximizing the hosting capacity. A cost-benefit analysis should be undertaken in such cases because of 

the high active filters cost compared to the passive filters. 

The results are limited to the peak instantaneous penetration and its direct impacts on the power 

quality of the system. Other factors that were beyond the framework of the study may be included in 

the optimization problem such as the economic constraints, and load alterations on yearly time-scales. 
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For a yearly time-scale, the proposed methodology can also be applied via using other types of 

inverters with enhanced capabilities. As the recent inverters have the ability to change the values of 

active power, reactive power, and the power factor in a wide range from 0.95 lagging to 0.95 leading 

automatically. This range of power factor is suitable to control the absorption and injection of the 

reactive power with load alterations. However, it should be mentioned that the inverters with these 

built-in facilities have considerably higher costs compared to the conventional inverters. In addition, 

other types of passive schemes such as switching filters or adaptive filters can be used to emphasize 

feeders with greater or lesser integration capacity under varying operating conditions. Investigations 

concerning these points will be presented in future works. In future works, the performances of the 

other metaheuristic optimization techniques are also comparatively evaluated for the sizing of the 

proposed filter design. 
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