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Abstract – Considering the application of multi-

functional grid-tied inverters in modern microgrids, this 

paper proposes a novel control strategy derived from the 

Conservative Power Theory (CPT), which makes possible 

the compensation of instantaneous power oscillations. 

Such approach is based on the instantaneous power and 

instantaneous reactive energy terms defined by the CPT, 

allowing the extraction of oscillating power components 

directly in the abc frame. Simulation results are presented 

to demonstrate the applicability of the control strategy 

considering the scenario of a weak microgrid with linear, 

non-linear, and unbalanced loads, as well as comprising a 

three-phase multi-functional grid-tied inverter with LCL 

filter. The results show that active power dispatchability 

can be offered by the inverter, while concomitantly 

supporting the microgrid to operate at constant 

instantaneous power. Experimental results comprising a 

3.6 kVA inverter prototype also validate the proposed 

decomposition of oscillating power terms, showing that 

they can be satisfactorily employed on compensation 

purposes. 
 

Keywords – Conservative Power Theory, Instantaneous 

Power Oscillations, Microgrid, Multifunctional Grid-Tied 

Inverters, Power Quality.  

 

I. INTRODUCTION 

 

The desire for sustainable energy generation has been 

pushing the proliferation of Renewable Energy Resources 

(RES) over modern power systems. Moreover, novel 

regulations and energy policies, such as credit incentives and 

tax subvention, have supported the spread of RES by means 

of Distributed Energy Resources (DER) [1]-[3]. As a 

consequence, the renewable-based electric power generation 

can now be found under a decentralized approach, occurring 

under a flexible and controlled manner, by employing power 

electronic interfaces (PEIs) [4]-[6]. 

Thus, such PEIs (specially inverters) associated to DER are 

the main responsible for this new perspective of flexible 

power conversion in modern electric systems. Additionally, 

due to the conceptual adoption of multi-functionalities [7], 
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such electronic equipment is not just able to provide the 

conversion of active power. Still, they can also offer services 

for supporting the grid on, for instance, achieving compliance 

with power quality requirements [8]-[10]. The provision of 

ancillary services related to the compensation of electrical 

disturbances, mainly based on multi-functional grid-tied 

inverters (MFGTI), is most important in scenarios where the 

grid is weak, consequently being prone to operate under low 

efficiency or being incapable to provide robust voltage 

support/stability. The concept of microgrids, although being 

considered an appealing solution for industrial systems, 

commercial, rural, and residential area networks [11], can be 

an example of such a weak power system [12].  

A microgrid is comprised of a set of loads and DER 

elements that may or may not have energy storage, knowing 

that such items are connected to a distribution grid through a 

Point of Common Coupling (PCC). Additionally, microgrids 

can operate in either on-grid or off-grid mode, imposing that 

its infrastructure should be robust and able to switch between 

these two operation modes smoothly [13], [14]. Consequently, 

a grid-interactive PEI [14] endowed with Energy Management 

System (EMS) [15]-[16] usually interconnects the microgrid 

with the upstream power system, or voltage-controlled 

converters comprising energy storage are required to support 

adequate transient and steady-state operation [17] for both 

modes. However, for what concerns this paper, only the 

scenario of a grid-connected microgrid is considered. 

Another perspective is one of implementing a microgrid as 

a low-voltage distribution system [18]. Therefore, such an 

electric network of limited size must also be able to supply 

energy to single- and two-phase (linear or non-linear) loads in 

three-phase systems. For instance, possible loads that may be 

connected to a three-phase three-wire microgrid are motors, 

adjustable speed drives, UPSs, beyond other domestic loads 

that can be connected under phase-to-phase configuration, 

such as lighting reactors, home appliances, so forth. Although, 

the majority of such loads likely present a non-linear behavior, 

draining distorted and unbalanced currents, which may impair 

voltage quality and deteriorate the operability of other electric 

equipment. 

Also, taking into account that PEIs integrate RES that 

present intermittent patterns of power generation, the energy 



generated and consumed may vary significantly through time 

within a microgrid, creating a dynamic and complex power 

system with a high level of interaction between sources and 

loads. In this context, the main challenges for operating 

microgrids are the RES intermittency, as well as the variable 

load consumption, which consequently causes instantaneous 

power oscillations [19]-[21]. Such variations can cause 

braking torque oscillations on rotating machines, trigger tie-

line power fluctuations [22], also affecting the energy dispatch 

on wind power generation [23]-[25]. 

As a consequence, it is of importance to mention that power 

quality issues in a three-wire three-phase microgrid are 

associated with harmonics, unbalance, and instantaneous 

power oscillations. For example, the nature of the 

instantaneous power and average power of different load 

configurations, considering the same rated power, is shown in 

Fig. 1. Note that the energy oscillation between the load and 

the source depends on the load configuration, leading to the 

urge of developing mitigation strategies that can support the 

microgrid on achieving a seamless operation for what 

concerns power oscillations. Therefore, different from classic 

compensation strategies that aim to mitigate current 

harmonics and unbalance [10, 26-29], this paper focuses on 

the instantaneous power oscillation problem to be suppressed 

by a three-phase MFGTI existing in a grid-connected 

microgrid. 

Thus, this study proposes a novel interpretation of the 

instantaneous power and reactive energy terms defined by the 

Conservative Power Theory (CPT) [30], as a new alternative 

for implementing MFGTIs that can tackle the problem of 

oscillating instantaneous power. The proposed control 

algorithm for generating the reference signals for the operation 

of the MFGTI is obtained directly in abc frame, without 

requiring implementation of coordinate transformations or the 

use of phase-locked-loops (PLL). Therefore, particularly in 

respect to this latter, the proposed strategy presents inherent 

advantages such as the provision of a fast dynamic response 

for the MFGTI control architecture, besides eliminating 

concerns related to stability matters that are tied to the use of 

most PLL algorithms [31]. In comparison to [32], the main 

contribution of this paper lies on bringing a more extensive 

discussion on the application and capabilities of the proposed 

control method based on the CPT, also showing additional 

simulation results, as well as presenting experimental results 

to validate the feasibility of the strategy. 

 

II. THE CONSERVATIVE POWER THEORY: BASIC 

DEFINITIONS 

For the basic definitions of the CPT, let us consider a set of 

real electrical quantities, which are continuous and periodic 

(i.e., having period 𝑇), with fundamental frequency 𝑓 =  1/𝑇 

and angular frequency 𝜔 =  2𝜋𝑓. As thoroughly discussed in 

[30], the CPT proposes an approach in time domain only based 

on abc coordinates, defining two main instantaneous power 

terms. First, the instantaneous power term is described by the 

scalar product between the voltage (𝑣) and current (𝑖) vectors: 

𝑝 𝑡 = 𝒗 ∘ 𝒊 =  𝑣𝑎 𝑣𝑏 𝑣𝑐 ∘  

𝑖𝑎
𝑖𝑏
𝑖𝑐

  

 

 

(1) 

 Secondly, instantaneous reactive energy is defined as: 

𝑤(𝑡) = 𝒗 ∘ 𝒊 =  𝑣 𝑎 𝑣 𝑏 𝑣 𝑐 ∘  

𝑖𝑎
𝑖𝑏
𝑖𝑐

  

 

 

(2) 

where, 𝒗  is a vector that contains the unbiased integrals of 

phase voltages. This quantity is given by the difference 

between the time integral and its mean value, as shown in (3). 

𝑣 𝑚 =  𝑣𝑚 𝜏 𝑑𝜏

𝑡

0

−
1

𝑇
   𝑣𝑚  𝜏 𝑑𝜏

𝑡

0

 𝑑𝑡

𝑇

0

  

 

 

(3) 

The “m” index represents the variables for each phase. 

Also, according to the CPT, in three-wire three-phase circuits, 

the phase voltages should be measured using a virtual 

reference point [33]. 

The mean values corresponding to (1) and (2) are given 

respectively by (4) and (5), on which P is the active power and 

W is the reactive energy and its physical meaning is discussed 

in [30], [33]. 

𝑝 =
1

𝑇
 𝑝(𝑡)𝑑𝑡

𝑇

0

=
1

𝑇
 (𝑣𝑎 𝑖𝑎 + 𝑣𝑏 𝑖𝑏 + 𝑣𝑐 𝑖𝑐)𝑑𝑡

𝑇

0

= 𝑃 

 

 

(4) 

𝑤 =
1

𝑇
 𝑤(𝑡)𝑑𝑡

𝑇

0

=
1

𝑇
 (𝑣 𝑎 𝑖𝑎 + 𝑣 𝑏 𝑖𝑏 + 𝑣 𝑐 𝑖𝑐)𝑑𝑡

𝑇

0

= 𝑊 

 

 

(5) 

Based on the definitions of (4) and (5), the CPT 

decomposes the load phase currents as the sum of five 

subcomponents that are: balanced active currents, balanced 

reactive currents, unbalanced active currents, unbalanced 

reactive currents, and residual currents [30], [33]. For a 

sinusoidal voltage operation, independently of balanced or 

unbalanced characteristics, the active and reactive current 

components, irrespectively of being balanced or unbalanced 

related, correspond to a portion of the fundamental current. On 

the other hand, the remaining part defined by the CPT 

corresponds to the harmonic components generated by the 

non-linear loads. These current subcomponents have been 

 
Fig. 1.  Time evolution of instantaneous power 𝑝 𝑡  and average power P for different load configuration with the same nominal power. 
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satisfactorily applied to make reference signals for single-

phase and three-phase active power filters (APF) [34], [35], as 

well as for MFGTIs [10], [26]. Such decompositions provided 

by the CPT allow selective and oriented identification of 

different disturbances on a generic load (non-linearities, 

unbalances and reactive power [33]). Hence, it is possible to 

set compensation strategies for undesirable currents with high 

flexibility level. 

In the light of the fact that compensation of oscillating 

powers in three-wire three-phase systems has not yet been 

explored in literature based on the CPT, the main contribution 

of this work is settled. It is important to reinforce that, 

although other previously proposed strategies provided means 

to achieve constant instantaneous power in electric circuits 

[19]-[21], their mathematical and physical interpretations, as 

well as their implementation for the control of MFGTIs, differ 

from the CPT’s definitions discussed herein. Consequently, 

the following section aims to analyze the defined power terms 

within (1), (2), (4) and (5), from the perspective of power 

oscillations, and their relationship with the generation of 

control signals for a MFGTI in three-phase three-wire 

networks. 

III. COMPENSATION STRATEGY AND PROPOSED 

CONTROL ALGORITHM 

The goal of compensating instantaneous power oscillations 

by means of the CPT can be devised by the decomposition of 

(1) and (2), attaining mean and oscillating terms. Therefore, 

the instantaneous power and reactive energy terms defined in 

abc frame result as in (6) and (7), respectively: 

𝑝 𝑡 = 𝑝 + 𝑝   (6) 

𝑤 𝑡 = 𝑤 + 𝑤   (7) 

where “~” represents the oscillating components of each 

instantaneous term. The mean components, which are 

represented by “–” can be derived by (4) and (5) and are valid 

independently of voltage and current waveforms. This means 

that such approach is valid to be applied for both sinusoidal 

and nonsinusoidal voltage conditions.  

The average terms comprised in (3), (6) and (7) can be 

derived using different structures of digital low-pass filters, 

similar to traditional methods like the p-q theory [36] or other 

control strategies for APFs [19]. This choice should always 

consider the tradeoff between the slow dynamics of infinite 

impulse response (IIR) low-pass filters and steady-state errors 

of finite impulse response (FIR) filters (e.g. moving average 

filters), in case frequency variations are expected and if 

adaptive structures [37] are not used. However, if well 

designed, such filters would not impair the performance of the 

overall control strategy, as it will be further demonstrated. 

The instantaneous power, 𝑝 𝑡 , represents the useful 

energy per unit of time that flows from the source to the load 

(or from the load to the source, if negative). Thus, if the mean 

component of 𝑝 𝑡  is positive, it comprises the energy per unit 

of time that is transferred from the source to the load. On the 

other hand, the oscillating component (𝑝 ) corresponds to the 

energy per unit of time that is exchanged between the source 

and the load. Certainly, the mean value of the oscillating 

component is zero, but at each instant, it represents a quantity 

of energy that flows on the electric circuit due to an 

undesirable current. 

Generally, the calculation of the mean active power 

component (𝑝) can consider the period of the grid frequency, 

as in (4). On the other hand, the oscillating component (𝑝 ) 
corresponds to the components with higher frequencies than 

that from the grid’s fundamental one, or it is given by the 

components of the negative sequence. Furthermore, also 

contribute to 𝑝  the unbalanced loads, non-linear loads and 

resonances triggered by single- or two-phase converters 

connected to three-wire three-phase circuits. Particularly, in 

three-phase electric circuits, with or without neutral wire, 

where voltages and currents consist only of positive sequence 

and fundamental components, the energy transfer is 

unidirectional, usually flowing from source to load. Therefore, 

the instantaneous power contains just the mean component 

(𝑝 𝑡 = 𝑝 = 𝑃) in such case. 

In any other situation, if voltages and currents comprise 

unbalanced components, the instantaneous power will present 

mean and oscillating components with a bidirectional flow. 

A. Generation of Reference Signals for Compensation of 

Instantaneous Power Oscillations 

Based on the active power and reactive energy quantities 

devised from the CPT in (6) and (7), two instantaneous current 

components, ip and iw, can be defined as: 

𝒊𝑝 =
𝑝 

𝑣𝑎𝑏𝑐
2  

𝑣𝑎

𝑣𝑏

𝑣𝑐

 +
𝑝 

𝑣𝑎𝑏𝑐
2  

𝑣𝑎

𝑣𝑏

𝑣𝑐

  
 

 

(8) 

𝒊𝑤 =
𝑤 

𝑣 𝑎𝑏𝑐
2  

𝑣 𝑎
𝑣 𝑏
𝑣 𝑐

 +
𝑤 

𝑣 𝑎𝑏𝑐
2  

𝑣 𝑎
𝑣 𝑏
𝑣 𝑐

  

 

 

(9) 

where 𝑣𝑎𝑏𝑐
2 = 𝑣𝑎

2 + 𝑣𝑏
2 + 𝑣𝑐

2 and 𝑣 𝑎𝑏𝑐
2 = 𝑣 𝑎

2 + 𝑣 𝑏
2 + 𝑣 𝑐

2 are the 

collective instantaneous values of voltage and unbiased 

integrals of voltage, respectively. Herein, the bold variables 

represent vector quantities. 

Therefore, the current vectors associated with 

instantaneous terms [𝑝 𝑡  and 𝑤 𝑡 ] can be decomposed into 

two subcomponents: 

𝒊𝑝 = 𝒊𝑝 + 𝒊𝑝   (10) 

𝒊𝑤 = 𝒊𝑤 + 𝒊𝑤   (11) 

From a practical understanding, the oscillating components 

(𝒊   and 𝒊𝒘 ) represent the disturbing interactions caused by 

voltage and/or current harmonics (i.e., common or 

uncommon), as well as by asymmetries existing in either or 

both of these quantities. These oscillating portions do not 

contribute to the active power (𝑃) or to the reactive energy 

(𝑊). Hence, 𝒊   e 𝒊𝒘  are responsible for the instantaneous 

power oscillations in the electric circuit, as well as for 

additional losses. 

From the load point of view, the decomposed portions 

shown in (10) and (11) do not represent any specific load 

behavior or characteristic; only on the condition of sinusoidal 

and balanced voltages, 𝒊   e 𝒊𝒘  coincide with active and 

reactive balanced currents defined by CPT. 

Since oscillations on reactive energy and instantaneous 

power can be caused by voltage and current distortions, as 

well as by voltage and current asymmetries, the reference 

signals for compensation can be represented by the sum of 𝒊𝒘 , 

𝒊   e 𝒊𝒘  as presented in (12). 



 

𝑖𝑎−𝐴𝑃𝐹

𝑖𝑏−𝐴𝑃𝐹

𝑖𝑐−𝐴𝑃𝐹

 =  

𝑖𝑎−𝑤 

𝑖𝑏−𝑤 

𝑖𝑐−𝑤 

 +  

𝑖𝑎−𝑝 

𝑖𝑏−𝑝 

𝑖𝑐−𝑝 

 +  

𝑖𝑎−𝑤 

𝑖𝑏−𝑤 

𝑖𝑐−𝑤 

  

 

 

(12) 

It is noted in (12) that such references for compensation 

purposes can be applied in a selective manner, where the sum 

of its components 𝒊   e 𝒊𝒘  is related to the oscillations and 𝒊𝒘  

is associated with the reactive energy (power) flow in the 

circuit. Hence, the components (𝒊   + 𝒊𝒘 ) and (𝒊𝒘 ) can be 

compensated independently by the MFGTI, or even by the 

combination of capacitor banks, which would compensate 𝒊𝒘 , 

and the MFGTI ensuring compensation of 𝒊   + 𝒊𝒘 . Therefore, 

since the main goal of this study is to compensate the 

oscillations, the sum of the oscillating components will be 

taken as reference, in other words, 𝒊𝐴𝑃𝐹 = 𝒊  + 𝒊𝒘 . 

Additionally, note that the above-mentioned novel current 

decomposition based on the CPT differs from [10], since it 

focuses on the perspective of operation seen by the power 

system (e.g., microgrid), intending to take advantage of 

MFGTIs to mitigate power oscillations. 

B. Generation of Reference Signals to Inject Active Power 

The major goal of a grid-tied inverter is to provide power 

conversion of the energy generated by a Local Energy Source 

(LES), injecting it into the grid. Consequently, active power 

injection should be supported, along with the proposed 

compensation of power oscillations. The generation of a 

current reference for the MFGTI, for the injection of active 

power, is based here on the synthesis of sinusoidal currents. 

According to this strategy, the injected current waveform 

should match the waveform of the positive sequence 

fundamental component of the PCC voltages (𝒗𝒎𝟏
+ ). Thus, 

such strategy guarantees a smaller distortion level in the 

injected current, as explained in [10]. To achieve such 

behavior, the active current reference 𝑖𝐿𝐸𝑆 of the MFGTI is 

determined according to (13). 

𝒊𝐿𝐸𝑆 =
𝑃𝐿𝐸𝑆

𝑽1
2  

𝑣𝑎1
+

𝑣𝑏1
+

𝑣𝑐1
+

 = 𝐺𝐿𝐸𝑆  

𝑣𝑎1
+

𝑣𝑏1
+

𝑣𝑐1
+

 , 

 

 

(13) 

In (13), 𝑽𝟏 is the rms collective value of fundamental positive 

sequence voltages, 𝐺𝐿𝐸𝑆 is the equivalent conductance of the 

inverter, regarding active power injection, and 𝑃𝐿𝐸𝑆 is the 

liquid power generated from the LES, which is intended to be 

injected into the grid, being calculated by (14): 

𝑃𝐿𝐸𝑆 =
1

𝑇
 𝑣𝐷𝐶 𝑡 𝑖𝐷𝐶 𝑡 𝑑𝑡

𝑇

0

 
 

 
(14) 

The fundamental voltage component at point of coupling of 

the MFGTI (𝑣𝑚1) can be attained using a PLL, or through a 

band-pass filter with a narrow bandwidth tuned into the grid 

frequency. Considering that the grid frequency variation is 

relatively small, a band-pass filter was chosen to attain 𝑣𝑚1, 

followed by the RMS (𝑉𝑚1) value calculation. Consequently, 

as it will be later demonstrated, small variations in the grid 

frequency should not impair the operation of the MFGTI. 

C. Generation of Reference Signals for the Three-Phase 

Multi-functional Inverter 

Considering the reference signals shown in (12) and (13), 

the final current reference vector (𝒊𝒓𝒆𝒇
∗ ), which is the term that 

is effectively synthesized by the MFGTI, is given by: 

𝒊𝑟𝑒𝑓
∗ = 𝒊𝐿𝐸𝑆

∗ − 𝒊𝐴𝑃𝐹
∗   (15) 

If the inverter was to operate only as a PEI, without doing 

the compensation of the instantaneous power oscillations, the 

signal 𝒊𝐴𝑃𝐹
∗  would be zero and the MFGTI would only inject 

the energy generated by the LES into the grid. On the other 

hand, as the component 𝒊𝒘  does not contribute to the 

instantaneous power oscillation, to completely compensate the 

instantaneous power oscillations, it is enough to assign the 

terms 𝒊  + 𝒊𝒘  to the compensation reference, as in (16). 

𝒊𝑟𝑒𝑓
∗ = 𝒊𝐿𝐸𝑆

∗ − 𝒊𝑝 
∗ − 𝒊𝑤 

∗   (16) 

IV. CONTROL SYSTEM MODELING 

The control scheme for the MFGTI presented in this study 

is based on the modelling and approach proposed for three-

phase converters in [38]. The system presented in Fig. 2 

summarizes the topology of the adopted electrical circuit and 

configuration of the inverter. Also, the main electrical 

parameters are shown in Table I. Because the system 

presented in Fig. 2 is a three-wire circuit with no neutral, the 

mesh control can be achieved considering the voltage and 

current values in only two phases of the three-phase system. 

For instance, for the converter, it is sufficient to control 

currents 𝑖𝐹𝑎 and 𝑖𝐹𝑏 , since the current iFc is related to the 

previous currents, being 𝑖𝐹𝑐 = − 𝑖𝐹𝑎 + 𝑖𝐹𝑏 . Regarding the 

virtual point voltages, they can be obtained from the line 

voltage [33], according with (17). Thus, 𝑣𝑎𝑏  and 𝑣𝑏𝑐 could be 

measured and the third line voltage component is derived 

applying Kirchhoff's voltage law, having 𝑣𝑐𝑎 = − 𝑣𝑎𝑏 +
𝑣𝑏𝑐 , for instance. 

𝑣𝑎 =
1

3
 𝑣𝑎𝑏 + 𝑣𝑎𝑐   

 

 

𝑣𝑏 =
1

3
 𝑣𝑏𝑎 + 𝑣𝑏𝑐   

 
(17) 

𝑣𝑐 =
1

3
 𝑣𝑐𝑏 + 𝑣𝑐𝑎   

 

 

The converter control system comprises two main control 

loops. The first is a fast loop used to control the converter 

output current, whereas the second is a voltage control loop 

that presents a slow dynamic response. The DC voltage 

control keeps the energy balance between the power delivered 

to the system at the converter's output side and the power at its 

DC bus [39]. Fig. 3 shows the control strategy adopted with 

the control loops proposed for the MFGTI. 

The current control is based on a proportional resonant 

controller tuned at certain harmonic frequencies [40], [41], as: 

𝐺𝐶 𝑠 = 𝐾𝐶 +  
2𝐾𝐼𝑃𝑅

𝜔𝑐𝑃𝑅
𝑠

𝑠2 + 2𝜔𝑐𝑃𝑅
𝑠 +  ℎ𝜔𝑜 

2

ℎ=1,3,5,…,11

 

 

(18) 

In (18), ℎ is the harmonic order, ⍵o is the grid fundamental 

frequency and KC, 𝐾𝐼𝑃𝑅
, 𝜔𝑐𝑃𝑅

 are the proportional gain, 

integral gain and the resonant frequency band pass width, 

respectively. The 𝐾𝐼𝑃𝑅
 value is chosen to produce a high gain 

on harmonic frequencies and 𝜔𝑐𝑃𝑅
 should be designed to be 

small to improve the compensator selectivity. 

The voltage controller used to maintain constant the DC bus 

voltage is a proportional-integral (PI) regulator, and it is given 

by (19):



 
Fig. 2.  Three-phase MFGTI connected to the electric grid. 

 
Fig. 3.  Block diagram of the proposed multi-functional control structure. 

TABLE I 

Three-Phase Converter and System Parameters 

Parameter Value Parameter Value 
Grid (VLine) 220 V / 60 Hz 𝑳𝑮; 𝑹𝑮 0.25 mH; 0.1 Ω 

 𝑳𝑬𝑺 2.4 kW 𝑳𝟏; 𝑹𝟏 0.5 mH; 10 mΩ 

𝑪𝟎 3.3 µF 𝑳𝟐; 𝑹𝟐 0.5 mH; 10 mΩ 

𝑹𝒙, 𝑳𝒙 5 Ω; 40 mH 𝑳𝒛 1 mH 

𝑳𝒚, 𝑹𝒚 70 mH; 30 Ω 𝑹𝒛; 𝑪𝒛 50 Ω; 470 µF 

TABLE II 

Controller Parameters 

𝑲𝒄 = 𝟐 𝑲𝑰 𝑹
= 𝟏𝟎𝟎 

𝝎𝒄 𝑹
= 𝟔. 𝟐𝟖  𝐫𝐚𝐝/𝐬  𝝎𝒐 = 𝟑𝟕𝟕  𝐫𝐚𝐝/𝐬  

𝑲 𝑫𝑪
=  𝟓 𝑲𝑰𝑫𝑪

= 𝟓𝟎 

 

𝑃𝐼𝐷𝐶 𝑠 = 𝐾𝑃𝐷𝐶
+

𝐾𝐼𝐷𝐶

𝑠
 

 

(19) 

where 𝐾 𝑫𝑪
 is the proportional controller gain, while 𝐾𝑰𝑫𝑪

  is 

the integral gain. The MFGTI was designed considering a 

switching frequency of 20 kHz. Table II shows the adopted 

values for the voltage and current controllers. The converter 

DC bus voltage is adjusted to 400 V. 

V. SIMULATION RESULTS 

Aiming to assess the compensation strategy and the 

proposed control approach for the three-phase MFGTI, the 

circuit shown in Fig. 2 was simulated using PSIM®. The 

implemented circuit comprises an electronic converter (DC-

AC) with an LCL output filter, a three-phase non-linear 

unbalanced load, and the electric grid. 

The main goal expected for the simulation studies is to 

validate the feasibility of the proposed method in respect to 

providing operation under constant instantaneous power, and 

at the same time, consider active power injection into the grid. 

The dynamics of the system operation is described by several 

quantities (i.e., voltages, currents, power terms and 

instantaneous reactive energy), with respect to different 

measuring points: grid, load and MFGTI. Thus, the simulation 

results are presented for four different scenarios, as follows. 

 A. Scenario 1: MGTI only injecting active power 

In this first scenario, the goal is to operate the MFGTI only 

as a PEI (i.e., only providing injection of active power). From 

Fig. 4, one can see that before t < 0.6 s the converter currents 

(𝑖𝐹𝑎 , 𝑖𝐹𝑏 , 𝑖𝐹𝑐) are zero and the grid currents (𝑖𝐺𝑎 , 𝑖𝐺𝑏 , 𝑖𝐺𝑐) are 

highly distorted and unbalanced. After turning on the PEI at t  

> 0.6 s, the MFGTI currents become sinusoidal and 

synchronized with the PCC voltages. Hence, the mean grid 

component, 𝑝
𝐺

 (i.e., active power), decreases while the grid 

currents continue to be distorted and unbalanced. 

Consequently, the oscillating components 𝑝 𝐺 e 𝑤 𝐺 present a 

nonsinusoidal oscillation and continue to flow through the 

grid. 
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Fig. 4.  Simulation results when the MFGTI is injecting only active 

power into the grid (Scenario 1). Top to bottom: PCC voltages and 

currents, MFGTI currents, PCC instantaneous active power, and 

instantaneous reactive energy. 

 
Fig. 5.  Simulation results when the MFGTI is injecting active power 

and compensating the oscillations (Scenario 2). Top to bottom: PCC 

voltages and currents, MFGTI currents, PCC instantaneous active 

power and instantaneous reactive energy. 

 B. Scenario 2: MGTI injecting active power and compensating 

power oscillations 

In this second scenario, the ancillary service capability (i.e., 

APF functionality) is added to the MFGTI, and the respective 

result can be seen in Fig. 5. Before the APF function is 

activated (t < 1.2 s) it can be observed that the harmonic 

distortion and current unbalance create a nonsinusoidal 

oscillation at the 𝑝 𝐺  e 𝑤 𝐺 components. In addition, it can be 

seen a slightly distortion and voltage unbalance at the PCC, 

caused by the unbalanced non-linear load. 

 
Fig. 6. Simulation results when the MFGTI is injecting active power 

and compensating the oscillations during a load step (Scenario 3). 

Top to bottom: PCC voltages and currents, MFGTI currents, PCC 

instantaneous active power, and instantaneous reactive energy. 

After starting the APF service in the MFGTI at t >1.2 s, the 

current unbalances and harmonics generated by the non-linear  

load (residual component) are compensated, which results in 

the elimination of all oscillating components (𝑝 𝐺  and 𝑤 𝐺); 

therefore, improving the voltage waveforms at the PCC. The 

compensation results can also be observed at the grid current 

waveform that becomes sinusoidal and balanced. However, 

the grid current is still lagging the voltage because of the 

average reactive energy (𝑤 𝐺), which is not being 

compensated. 

 C. Scenario 3: MFGTI operating under a load step 

In this case, a load step is simulated to demonstrate the 

dynamic behavior of the proposed strategy, being the results 

shown in Fig. 6. Yet, the MFGTI operates injecting active 

power and providing compensation of oscillating power. As 

seen in Fig. 2, an unbalanced load is connected to the grid at 

1.3 s by switching on the circuit breaker CBx, causing the 

MFGTI to promptly adjust its current injection to maintain the 

compensation.  

Note that, even though the average active power and 

reactive energy increased due to the connection of the 

unbalanced load, the instantaneous terms targeted on the 

compensation remained practically neglectable, as well as 

steady state operation was achieved after approximately 100 

ms, which is basically the time constant from the DC 

controller (19). This important result indicates that the applied 

low pass filters for calculating 𝑝  and 𝑤  do not significantly 

impair on the system overall dynamic response. 

 D. Scenario 4: MGTI injecting active power and 

compensating power oscillations during frequency deviations  

This last case is presented to demonstrate the operation of 

the MFGTI upon deviation in the grid frequency, which is 

likely to occur in scenarios such as the one of microgrids. The 

results are shown in Fig. 7. This case is a continuation of the 

result shown in Scenario 2, considering the same parameters  



 
Fig. 7.  Simulation results with grid frequency deviation when the MFGTI is injecting active power and compensating the oscillations (Scenario 

4). Top to bottom: PCC currents, MFGTI currents, load and PCC instantaneous oscillating active power, load and PCC instantaneous oscillating 

reactive energy, and grid frequency. 

of Fig. 5, on which the MFGTI operates injecting active power 

and compensating for the power oscillations. 

As in Fig. 5, when t > 1.2 s, the MFGTI starts its operation 

and the active and reactive power oscillations are compensated 

(i.e., see the load and PCC active and reactive instantaneous 

powers in Fig. 7), resulting in sinusoidal currents at the PCC. 

Nonetheless, when t > 1.25 s, the grid frequency starts to 

deviate. Herein, a variation up to the lower boundary of 

frequency deviation within [42] (i.e., 59.5 Hz) was emulated 

as example. 

As the grid frequency transits from 60 Hz, the amplitude of 

the PCC current slightly increases due to the constant active 

power generation by the MFGTI. On the other hand, and most 

importantly to the focus of this paper, note that the MFGTI 

rides through the frequency variation without losing its 

capability to perform compensation of the active and reactive 

oscillating powers. The zoom-in-view of the steady-state 

operation of the system during 59.5 Hz shows that, similar to 

the previous instants, the PCC current still resembles a 

sinusoidal waveform, and the oscillations in the powers are 

practically neglectable. Additionally, overcurrents were not 

present as a result of such operation. 

V. EXPERIMENTAL RESULTS 

Aiming at validating the proposed control strategy of a 

three-phase MFGTI compensating for oscillating 

instantaneous power, a laboratory prototype shown in Fig. 8 

was developed. This setup comprises a 3.6 kVA inverter, 

presenting LCL output filter. The control algorithms were 

implemented on a TMS320F28335 floating-point digital 

signal controller (DSC). The MFGTI's and grid's parameters 

are presented in Table III. A non-linear load is connected at 

PCC following the same disposition of Fig. 1. Such load is 

composed of a three-phase diode bridge rectifier feeding a 

resistor (i.e., RL = 62 Ω) at its DC side. An AC smoothing 

inductor (LL = 1 mH) is connected at the input of diode bridge. 

The DC bus of the MFGTI is fed by a constant voltage source. 

Yet, the AC grid is emulated by a controllable power supply. 

Fig. 8 shows the main elements of the prototype build. 

TABLE III 

MFGTI's and Grid's Parameters 
Parameters Value 

Switching frequency (fSW) 20 kHz 

Sampling frequency (fS) 20 kHz 

Fundamental frequency (f) 60 Hz 

Voltage grid (line voltage) (Vgrid) 110 V 

Lgrid 1 mH 

LIEP 1 mH 

DC bus voltage (VDC) 400 VCC 

 
Fig. 8. Experimental validation, with three-phase MFGTI, with a 

DSP based implementation. 

 
Fig. 9. Voltages and currents at the PCC when the MFGTI is 

connected to the grid injecting active power. 



 
Fig. 10. Voltages and currents at the PCC when only the non-linear 

is connected. 

 
Fig. 11. Instantaneous oscillating power saw at the PCC when only 

the load is connected to the grid. 

 

Firstly, Fig. 9 shows waveforms of PCC voltage and 

MFGTI current when it is only acting as a PEI, injecting 1 kW  

into the grid. Note that the injected currents in-phase 

concerning the PCC voltages present low distortion. 

Fig. 10 shows voltages and currents seen at the PCC, 

considering that the MFGTI is not connected to PCC; 

consequently, neither compensation functionalities nor active 

current injection occurs. Note that the grid voltages are 

sinusoidal, and the currents drawn by the non-linear load are 

highly distorted. The instantaneous power (calculated using 

the data points of Fig. 10) seen at the PCC is presented in Fig. 

11. It is understood that p(t) has a nonsinusoidal oscillation as 

a consequence of the harmonic currents drawn by the load. 

Finally, Fig. 12 and 13 show the waveforms produced when 

the MFGTI is connected to the PCC acting as PEI (injecting 

active power) and performing compensation of oscillating 

instantaneous power. Note that MFGTI's currents waveforms, 

shown in Fig. 12, are nonsinusoidal since the MFGTI is 

injecting active power, as previously shown in Fig. 11, along 

with the compensation of CPT's terms   , 𝒘  and 𝒘  (i.e., 

compensation of oscillating instantaneous power and reactive 

energy.). 

The resulting currents at the grid side can be seen in Fig. 13 

as well as PCC voltages. Note that, compared to Fig. 9, the 

PCC currents became less distorted. By looking into the 

oscillating instantaneous power in Fig. 14, one can note the 

reduction of the low-frequency oscillations previously 

existing in Fig. 10. This indicates that the oscillating 

instantaneous power was reduced due to the action of the 

MFGTI. 

 
Fig. 12. Currents injected by the MFGTI while processing active 

power and compensating for oscillating instantaneous power. 

 
Fig. 13. Voltages and currents at the PCC when the MFGTI is 

injecting active power and compensating for oscillating 

instantaneous power. 

 
Fig. 14. Instantaneous oscillating power at the PCC when the MFGTI 

is injecting active power and providing compensation. 

V. CONCLUSIONS 

In this paper, the authors presented a novel strategy of using 

grid-connected multi-functional power electronic converters 

for injecting active power into the grid and compensating 

instantaneous power oscillations. The proposed control is 

based on instantaneous and average terms (𝑝 𝑡 , 𝑤 𝑡 , 𝑝   𝑡  

and 𝑤  𝑡   of the Conservative Power Theory (CPT). 

As shown in the simulation results, the proposed control 

strategy allows not only the injection of active power, but also 

supports power system operation at constant instantaneous 

power, 𝑝 𝑡 = 𝑝  𝑡 , even under different linear/non-linear 

unbalanced load configurations. This feature is critical since 

the instantaneous power oscillations are undesirable in any 

power system due to rotating electric machines deterioration, 

and operation issues regarding power quality, especially on 

scenarios of weak electrical grids such as microgrids. 

Experimental results also demonstrated that the control 

strategy could be embedded onto digital processors, being 

practically implemented for purposes of compensation 

instantaneous oscillating power. 

The proposed control strategy can be understood as an 

alternative to other traditional techniques that provide 



compensation for oscillating power components in electrical 

systems. For instance, it is noticeable that the power terms 

decomposed by this approach resemble the ones defined 

within the PQ theory. Nonetheless, the CPT provides such 

decomposition directly on the abc frame, without requiring 

axis transformations. It is also worth mentioning that the 

approach does not require the implementation of 

synchronization algorithms, as needed by other methods based 

on dq transformations, consequently eliminating particular 

stability concerns. On the other hand, the application of low-

pass filters is inherent to the proposed approach, as in most 

strategies found in literature, which may cause slow 

accommodation times for the compensation behavior if not 

properly designed. 

Finally, considering the achieved compensation results, 

future work is needed to verify the feasibility of the proposed 

strategy under distorted and unbalanced conditions, not only 

at PCC but also at the voltage source (grid-side). Thus, power 

system operation at constant instantaneous power is expected 

even under adverse conditions. Yet, extensions of this work 

intend to further evaluate the singularities of the proposed 

methodology, exploring its advantages and disadvantages 

when compared to other methods in the literature. 
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