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Abstract: This paper presents a DSP based high-performance power flovoksetieme for the distributed generation (DG) inverter.
The design of control scheme is based on a detailed dynamic model 8fgthase voltage sourced inverter. In the dynamic model,
the DG energy source is represented by a constant DC voltage. Tovaddger dynamic performance, the output power flow of
the inverter is controlled through a P-Q decoupled control algorithm basédo independent regulation loops for d-q currents. The
proposed control scheme with various DG operating conditions is firstlylated in the PSIM software environment to check the
performance of the designed controllers and followed by a set of BS&dexperimental tests. The results obtained have demonstrated
the feasibility and effectiveness of the proposed control scheme ¥idmg a desirable dynamic performance of fast real and reactive
power regulations of the grid-connected DG inverter.
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Veona the phase-a control signal
Nomenclature Veonb the phase-b control signal
Veone the phase-c control signal
Veond: Veonq ~ the equivalent d-q control signals
I, I the equivalent d-g currents on the grid
DG distributed generation side . .
vy voltage source inverter lod; log the equ!valent d-q inductor currents
PWM1 -6 pulse width modulation signals la. g the equivalent d-q load currents
for the 6 IGBTS Poc the output real power of the DG inverter
PCC point of common coupling Qoc itrr:\(/aecr)':]etrpm reactive power of the DG
Van, Von, V. lin neutral vol .
an» ¥bn- Yen of fhtggr?éjt alvoltages Ipad the d-axis current command of the DG
: inverter
lsa, I, s 3-phase line currents on .
the grid side Ipcg ;[rr:\(/ae?t_:rxls current command of the DG
ILa, Ip, I 3-phase line currents of . .
the local load Vi, Vg the d-q axis grid voltages
Icapa, Icapb; Icapc ~ 3-phase line currents
of the output capacitors
L,C inductor and capacitor of the output
LPfilter 1 Introduction
loa, lob, loc the 3-phase inductor currents
¥d° Ve tﬂe dclvoltage of the DE inverter To reduce the adverse effects of using fossil fuel on the
An, VBn, VCn Iteg E’: tgg;ngcé(;sti tef?ecneutral environment and response to the progressive shortage of
' ; conventional energy resources, e.g. oil, natural gas and
Vim voltage of the PWM carrier Wy g g

coal [1,2], the fast development of renewable energies,
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distributed generations (DG3,[4] and micro-grids (MG) Jo— : ' Vaid

[5,6,7,8] is an inevitable trend. However, due to the j e Gope DG s |

increased number of grid-connected DG and the vast ~  !Emergy | PCC

application of nonlinear power converters and electronic ,
Coupling Tr.

devices the complexity of securely operating the power
distribution systems has been greatly increased.
Therefore, seeking for feasible measures to ensure a high
standard electric power system and to develop new and
flexible power flow control interfaces for the DG systems
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is an urgent need. Distributed generations (DGs) are !
normally small-scale electricity generations and DSPBasedf¢————* '
i i i i Controll
consu_jered as a so]ut|0n for addr_essmg new concepts in ool | qstom pirimsters VL
technical, economical and environmental issues of
conventional power systems. In recent years, the Fig. 2: The series-type power interface of a DG

application of DGs is under extensive studies and
experimental tests. It is recognized that these systems
create a number of technical challenges concerning the

operation, monitoring, control and protection of new DG system or as an islanded system. However, utilities may
embedded systems. Theoretically, the DG systems withot allow the islanding operation of micro-grids unless
various renewable energy resources can be connected the island does not include any part of the utility system.
the network in series- or shunt-type power interface. TheFor a micro-grid operated in grid-connected modes, one
shunt-type connection injects current at the point ofof the major technical concerns is its dynamic power flow
common coupling (PCC) as shown in Fig. 1, while the control capability. This paper presents a DSP based
series-type connection injects a voltage between thelexible P-Q control scheme for the DG inverter working
utility supply and the customer load as shown in Fig. 2. Itin a typical micro-grid with local loads. By making use of
is quite obvious that the control complexities and effortsthe proposed multi-loop, d-q current control scheme, the
for the series-type connection are much higher than thajnherent interferences between real and reactive power
for the shunt-type connection. Because the controlled reatan be effectively suppressed. The design of the proposed
power and possible compensated quantities, e.g. reactivgontrol scheme is based on a detailed dynamic network
power or harmonics are directly related to the regulationmodel considering the overall system operating
of currents in nature, shunt-type connection is moreconditions. The proposed new control scheme is so
realistic as it is originally designed to inject current$h®®  designed that it controls the inverter, which interfaces th
PCC. In this paper, the shunt-type voltage source inverteDC energy source to the grid, in an independent
(VSI) for interfacing between the DG working in @ MG current-control mode. In this paper, the overall test
and the connected distribution network is investigated. Asystem is firstly described and simulated in the PSIM
systematic way to consider the emerging potential of DGsoftware environment followed by a set of DSP based
is to take a system approach, which views generation an@xperimental tests to verify the overall performance of the
associated loads and controllers as a M&1Ql. In  proposed control scheme. Typical results are then
presented with brief discussions.

= T o i Vard . .
ik s bt - 2 System Modeling and Design of P-Q
| Bnersy ; Decoupled Controllers
I Sources !
' ; PCC .
I o ) The current controlled Voltage Source Inverter (VSI) is
_— *I — normally used for interfacing between shunt-type DG and
| |V_de| sve ) o distribution networks. In this paper, the command signals
: 1 | for the DG inverter will include the information of active
. | I X, power supplied from DG system and reactive power
! ! required to compensate the reactive power demanded by
DSP Basedft=---= ! the load or to eliminate the voltage fluctuation on
Cantodlice System parameters VL load-side buses: The load harmonic currents can also be
compensated with the proposed current control structure
Fig. 1: The shunt-type power interface of a DG if so desired. As mentioned previously, to allow

performing fast P-Q control functions, current controlled
VSl is utilized in this paper for its fast dynamic response
general, a micro-grid can operate as a grid-connecte@nd ease of implementation to guarantee the required
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PW}V% WM% PW% | | LZ%,?a 2 1l 5 %1 Van Van
BT ST R I A B R S R A
A i 7 |“ L% - 5 1 Ven Ven
I
o av,
Vee i? C = B :T_fzm*b |Capa :CT?n = |Oa* ILa—lsa (6)
I
Co=t ‘ lcapp = CE0 0 i 7
[N R M - capp = C— = =lob— o~ (7)
:Induclors (L) : av
ik G NN B Icape =C = = loo Lo~ s ®)
Using the defined switching functions, given i8),(for
the three-phase inverter, the decoupled system model can
a be obtained with some mathematical manipulations as
expressed in10)-(11).
b VAN \V/ T
Lop f Lo | L Vo | =% [14Ym 14 Y 1 e | (@)
e Ven
b
Filter L% o Vdc 10 Vq (10)
Capacitors (C) Ldlod | 7 2V |01 | Va
Fig. 3: The detailed DG system circuit lcapg | _ C% _ 10| |log| [10]|Iq
lcapa |~ [CG2 | [O01] [log 01| |l
10] [l 1
dynamic performance. The d-q axis current control |01 |1y (11)

techniques of VSI proposed in this paper is based O"sased on the decoupled model derivediif)( the current

analy3|s of voltage and curr(_ent vector components N & ommands for the desired DG real and reactive power flow
special reference frame. In this paper, the synchronizatio can be directly obtained as follows

algorithm uses the instantaneous angle of load voltage
calculated directly by decomposing voltage vector Poc | [Vgloeq +Vdiped
components in a rotating reference frame. Using this Qoc | | Vglped —Vdipag
control strategy, synchronization problems will be

resolved and dynamic response of DG can be significantlyit can be proved that when the inverter output voltages are
improved. As mentioned previously, the main objective of in synchronous with the grid voltages, the d-axis voltage
the proposed control technique is to achieve fast reacomponent becomes zero. This leads to the following
power regulation, load reactive power compensation andesults.

(12)

to track rapid variations in load harmonic currents if the {PDG} - [Vq|DGq} (13)
function is activated. Based on the detailed DG system Qoe Valped
circuit shown in Fig. 3, the relationships among voltage I | Po /V
and current parameters can be expressed as follows: {IQP] = L?GQ] = { e/ q} (14)
oQ DGd QDG/Vq
L% =Van — Van — Vin (1)  With the derived current commands expressed #),(the
dt overall control structure of the DG and the designed
dl parameters for Pl controllers are respectively shown in
| 1Ob = ViN — Von — Vi (2) Fig. 4 and 5. As can be seen in Fig. 4, the proposed
dt control scheme is designed with a dual-loop structure
dloe using high-gain inner-loop current controllers and
L it =Ven —Ven —Vin (3)  functional P-Q outer-loop controllers. In this type of grid

connected inverter system, high  band-width

currentcontrol loop must be used. In this paper, the
controllers are implemented in d-q synchronously rotating
(Van 4 Van 4 Ven) = (Van = Vin + Ven) reference frame using 4 properly designed PI controllers
VN = 3 (4)  asshownin Fig. 5.

For a balanced 3-phase system, the following
mathematical expressiord){(8) can be easily derived.
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Fig. 4: The overall control structure
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Fig. 5: The designed parameters for Pl controllers

comprehansive numerical simulation studies, the overall
performance of the proposed control scheme is
experimentally tested as configured in Fig. 6. In the
hardware setup, a digital controller based three phase
grid-connected DG inverter and a set of voltage and
current sensors are used. Test conditions and system
parameters are given at the beginning of this section. All
the required controllers proposed in this paper are
implemented with TI DSP2812. The sensed currents and
voltages acquired to the DSP and the control signals
output to the driving circuits are using home-made signal
acquisition circuits. Both of the sampling frequency and
the switching frequency are set at 24 kHz. Fig. 7 to 10
show the first set of comparative simulation and
experimental results regarding the simulation and
practically measured reactive power, voltages and
currents of the studied grid-connected DG inverter. The
control commands for the DG inverter are set as follows:
The output real power is set to zero throughout the
simulation period. During the simulation time from 0.4 to
0.5 seconds, the output reactive power is set to 1.3kVar
and zero Var for the time period between 0.5 and 0.6
seconds. A negative 1.3kVar command is issued for the
time period from 0.6 to 0.7 seconds. In the experimental
tests, the operation of reactive power commands is set
exactly the same as that used in simulation studies. Fig.
11 to 18 show a set of the detailed results regarding the
dynamic reactive power flow tracking performance with
two step-up and two step-down in control command. In
both the simulation and experimental tests, it is found that
the interference between the output real and reactive
power of the DG inverter can be perfectly eliminated with
the proposed DSP based dual-loop current control
scheme.

3 Simulation and Experimental Tests

The related data concerning the DG inverter system and
the arrangement of local load are given below.

— System Capacity of the DG: 5kVA

— Grid Voltage: 220V(L-L)/60Hz

— Inverter Parameters: Switching frequency: 24kHz,
Filter (1.5 mH, 4.7uF)Yyc = 400V, C = 1000uF.

— Load: The local loads are disconnected (in grid-tie
operation). 1 1 \

— Control Functions: In this paper, only reactive power Grid TI2%12 DSP DG Inverter
tracking functions are discussed. o

As addressed previously, besides the quantitative desighid- 6: The experimental setup of the DSP based DG inverter
of real and reavtive power flow controllers with System
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Fig. 9: The detailed reactive power tracking results (simulation)
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Fig. 7: The reactive power tracking results with voltage and
current waveforms (simulation)
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Fig. 10: The detailed reactive power tracking results (measured);
Time (4s/div), Q (500Var/div)
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Fig. 8: The reactive power tracking results with voltage and
current waveforms (measured); Time (4s/div), Q (1kW/div;
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This paper has presented a DSP based high-performanddd- 11: The dynamic response of reactive power tracking results
control scheme for the DG inverter to perform fast real ati (measured); Time (4s/div), Q (500Var/div)

and reactive power flow control functions. It is important

to note that the proposed dual-loop, direct d-q current

control scheme has fast dynamic response in tracking real )
and reactive current commands since the control loops ofeSults obtained from the DSP based hardware tests, the

active and reactive power are considered independent€@sibility and effectiveness of the proposed control
Using the proposed control method, a DG inverter systenpcheéme have been fully verified.

can be considered as a new alternative for performing

functions of distributed static synchronous generator

(DSSG) in distribution networks or a active power filter if Acknowledgement

so desired. Both experimental and simulation results
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Fig. 12: The dynamic response of reactive power tracking results
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Fig. 13: The dynamic response of reactive power tracking results
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Fig. 14: The dynamic response of reactive power tracking results
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