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Abstract: In this work, a linear model of a 3-phase active power filter (APF) is obtained to design a DC link proportional—
integral (PI) controller. The system is designed on the basis of a TMS320F2812 digital signal processer (DSP). The PI
controller is implemented in the program of the DSP. The hysteresis controller and sampling frequency are also taken
into account in the linear model. The effect of hysteresis bandwidth, filter inductance, DC link capacitor, and sampling
frequency on the stability are investigated by using the Routh-Hurwitz method. The detailed simulation model in

MATLAB and experimental results showed that the linear model can be used to specify the PI controller’s parameters.
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1. Introduction

Shunt active power filters (APFs) have been widely used to compensate the current harmonics of nonlinear loads.
A three-phase voltage source AC to DC converter is used with a hysteresis current controller to inject harmonic
currents [1-7]. The choice of the current control technique has a crucial role to obtain a desired performance in
practical applications. A hysteresis current controller is preferred in many applications because of its simplicity
and robustness. The main disadvantages of this controller are the varying switching frequency and unpredicted
harmonics related to switching frequency. The hysteresis band in digital implementation may be violated if the
sampling frequency is not sufficiently high. The parallel resonance between supply inductance [8,9] and shunt
reactive power compensation capacitors can also be observed if the frequency of harmonic currents injected by
the APF corresponds to the resonance frequency.

Some analytical methods have been developed for modeling and simulation of APFs [3]. The switching
function model enables a fast analysis with computer simulations [10]. The DC model provides a simple harmonic
equivalent circuit, but does not cover the mutual couplings between the three phases [11]. It offers an analysis for
transient response of the DC link voltage alone. The current controller and DC link proportional-integral (PI)
controller are usually analyzed in a synchronously rotating reference frame. The pulse width modulated (PWM)
signals are also included in the models by defining the switching functions. Then the direct and quadrature axes’
currents are decoupled and controlled separately [12]. The inner (current) and outer loops (DC link voltage) are
frequently decoupled from each other to control the DC link voltage and converter input current independently
[13,14]. A second-degree characteristic equation is obtained for a closed loop subsystem [13-16] by using a

decoupled structure.
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The hysteresis current controller is usually considered a robust controller for PWM converters and it
does not require a decoupled transfer function. When this analogue controller is implemented in a digital signal
processor (DSP), the execution time and the sampling frequency become key parameters for the success of the
controller. If the sampling period and execution time are not small enough, the bandwidth may be avoided and
stable operation of the system may not be protected. Therefore, it is crucial to incorporate the sampling period
and execution time into the linear model. In this work, the parameters of the digital system such as sampling
frequency and execution time of the DSP are taken into consideration. Then the DC link PI parameters are

estimated by applying the Routh— Hurwitz criteria.

2. Model of the shunt active power filter

The circuit diagram of a three-phase shunt APF in parallel to a nonlinear load is given in Figure 1. The load
current is measured by means of Hall effect current sensors and its harmonic component is extracted by using
the instantaneous reactive power method, which is widely used among the other methods reported [4,5]. The
compensating currents are injected into the three-phase electrical network at the point of common coupling
(PCC). A digital PI controller is programmed in the DSP to regulate the DC bus voltage. The set of differential

equations for the three-phase active power filter without a neutral line can be written as follows [12,17]:

Supply L PCC ;
s al
ip| Nonlinear
| - Load
Iel
Ibey  dor
e e .
: Ri> Re> Ry :
+
I L L L !
f f f
| 1 1 1 o
Vaf f
| Vof Vef ;< Vdcl
| |
| | 15] | |
| Shunt Active Power Filter _ |
Lo - - - - = = |

Figure 1. Circuit diagram of APF with a nonlinear load.
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where f,, f;, and f, are switching functions. Ly and Ry are filter inductance and its resistance, respectively.
Cycis the capacitance at the DC link. Three phase voltages, currents and switching functions in Eqgs. (1)—(4)

are transformed to a synchronously rotating reference frame by using Eq. (5):

Tq cosfe cos(fe — Z)  cos(fe + 2F) Tq

2q | == | sinf, sin(f, — %’T) sin(f, + %’r) Ty (5)
31 1 1 1

Zo 2 2 2 Le

The sum of the phase currents is zero for three-phase three-wire systems. Therefore,

Lf%izf:equfifowchifovZf (6)
Lf%iflf =eq — Ryigy +weLyigs — vge (7)
Cdc%l/dc = g(fdiZf + faigs) (8)

vy = fo - vae 9)

Vgr = fa  Vae (10)

D-axis of the supply voltage is positioned such that it coincides with the positive peak value of phase-a voltage
of supply eq = V,,. In this case, the q axis component of the supply voltages will be zero e, = 0. Hence, the

direct and quadrature axes’ components of reference currents are expressed as follows:
q
igr = 11— igr, + lde (11)

i = =ity (12)
where 4. is the output of the DC link voltage PI controller. ¢%; and igy, are the components of load current
corresponding to real and reactive powers, respectively. The reactive power demand of load is supplied by the
grid; therefore, the reference current of the APF does not contain a quadrature component of the load current,

et
zqf—().

3. Linear model of the APF and hysteresis controller

The simulation of the APF was carried out using the block diagram in Figure 2. The “relay model” in Simulink
is used for the hysteresis operation. The error and switching functions at the synchronously rotating reference
frame are obtained and given in Figure 3. The results show that the d-axis component of error varies between
+ HB, while the average value of f; is almost constant and its magnitude is equal to V;, /Vg.. The ripples on
fa can be resolved into two components. One of them is created by ¢4 forcing f4 to be zero during the time

when 4 violates the upper limit of the hysteresis band. When ¢4 violates the lower limit of the hysteresis band,
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then fy will be equal to V, / Vae. The other ripple component is created by ¢, and has a sawtooth waveform.

The switching function on the d-axis f; can be expressed as follows when the effect of ¢, is neglected:

Vin
fa= Vi - fa(ea, HB) (13)

The model of the converter is established on the basis that the g-axis component of the supply voltage and
filter current are both zero (e, = 0 and zzf = 0). By neglecting the voltage drop on the inductance at the

fundamental frequency, the average value of vy, is zero; hence f; is zero from Eq. (9).

Supply Voltages
€a Cp C¢

iaf
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| Method /
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Method

_ | IRP
Method

Figure 2. The block diagram of shunt active power filters at SRF.

The hysteresis effect links the error to the f; component and the block diagram of the APF is recon-
structed by taking this analysis into consideration as shown in Figure 4. The hysteresis loop is linearized
between the two switching intervals as shown in Figure 5. Hence,

HB—Ed

fa((‘:daHB) = 2. HB

(14)
Two multiplication units in Figure 4 are replaced by two summation blocks as shown in Figures 6a—6d by
assuming that Vg.(t) is equal to V, and fq(¢)is equal to Fj at the steady-state operation of the system [16].
The block diagram is modified after these linearizations and it is given in Figure 7.

The analysis of this linear model is carried out in MATLAB with the parameters given in the Appendix
and the results are verified by the detailed simulation model given in Figure 2. The variation in the DC link
voltage and the reference filter current from both models are given in Figures 8a and 8b. Neglecting the effect

of f, in the linear model created a small change in the settling time of the capacitor voltage.

4. Design of DC link PI controller

The model was obtained in terms of the sampling frequency, band width, and execution time. The switching

frequency changes due to the level of DC link voltage, switching filter inductance, band width, and rate of
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Figure 3. The d axis switching functions and the reference current errors: (a) During half of the fundamental supply

frequency. (b) Expanded waveforms for high resolution.
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Figure 4. Block diagram of active power filter on d axis.
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change of the reference current. The error between the reference and actual DC link voltages is passed through

a digital PI controller programmed in the DSP.

Linearization around operating point

SWitChing’ fhysteresis (Sda HB)

_HB 05 0 05 HB
Current Error (A), &g

Figure 5. Linearization of hysteresis band.
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Figure 6. Multiplication blocks converted to summation:
(a) the product block for Vy.(¢t) input, (b) the product
block for f4(t) input, (c) converted block for Vy.(t) input
at the steady state, (d) converted block for fq(t) input at
the steady state.
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Figure 7. Block diagram of linearized system.

The change in output of the PI controller is expressed in terms of error, change of error, and sampling

time (Ts) as follows [18]:

Au(n-Ts) = Kcg-De(n-Ts)+ Kg-e(n-Ts), (15)

where

KCEZKP andKE:Ki-TS (16)

The software in the DSP is a time-consuming program because of digital filters and transformations. The

execution time of the program specifies the sampling time, switching frequency, and alleviation of harmonic
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currents. A complete cycle between the sampling and switching of the DC link capacitor voltage is represented
by a time delay of Ts. A low-pass filter with the time constant T is located between the reference and measured

DC link voltage for this purpose as shown in Figure 9.

750 750 i . Vde, (V) ' '
700 2000 < R

650 650 | /.. N i

600 I 600 |/ . . . D R
550 S S S S S S 550 e L

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
(a) time, (s) (b) time, (s)

Figure 8. Simulation results with HB = 4 A: (a) SRF model (b) linearized model.
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> Ts+l N\ S :

Figure 9. Low-pass filter representing the execution time.

The linear relation between the direct axis converter input voltage and the error signale, is obtained by
using Egs. (10) and (14) as follows:

Vm . (HB—Sd)

2-HB (a7)

vaf = fa - Ve =
The reference DC link voltage V. and peak supply voltage V,, are kept constant during the operation. The
transfer function between the capacitor voltage and direct axis component of load current can also be obtained
as follows from the blocks in Figure 7.
AVL{C(S) . -3 Vrgz -Tupwm - (1 + Ty - S) .52

AIdL(S) o (THDM - S+ 1) . A(S) (18)

The resistance of the switching inductor Ry is neglected for simplicity of the transfer functions here, but it is
a damping parameter for DC link voltage transients. Therefore, this resistance (Ry = 0.2 ohms) is included in
the analysis in MATLAB.

The characteristic equation and its coefficients are obtained as follows:
A(s)=by-s*+bg-5>+by-s2+by-5+Dby (19)
by=4-HB-L; Vi, -Cqc-Ts
b3=4-HB-L;-Vj. -Cac+2-Vy - Vi, - Coac- Ty

by =2V Vi Cio+4-w2 HB-Ly -V} -Cye-Ts
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by=4-w?-HB-L; -V} -Caq+3-V2 K,
bo=3-V2 K,

The stability is guaranteed if the transfer function does not have any poles in the right half plane. The stable
operating region of the DC link voltage PI controller is specified by applying the Routh—-Hurwitz method [19].

Hence the following three constraints are taken into consideration:

i)
3-V2.K;>0=K; >0 (20)

ii) 4-w?-HB-Ly -V} -Cac+3-V2-K,>0

4-w2-HB-L; -V}, - Cae
3.v2

= K, > (21)

The entries of the Routh array are formed from the coefficients of the characteristic equation in the

s-domain in Eq. (19).

84 53 82 81 SO
by b3 ba — by — (bl bo
babi /b (52 (b4b1/b3)> (22)

For a given set of variables, their effect on stability can be checked by evaluating the sign. Each column

of the Routh array must be positive and not changing sign for stable operation.

iii)

bsbo
= (5= tm) 7 >

The ranges of Kcg and Kp parameters are determined for stable operation and are shown in Figures
10a-10d. In order to determine the change in roots, the root locus graphs are also plotted and given in
Figures 11a-11d. The K¢g and Kp parameters of the PI controller are associated with each other in
different conditions and K gain is defined in relation to them. The root locus plots verified the results of

the Routh-Hurwitz method given in Figure 10.

The relations between direct axis components of the load current, filter current, and harmonic current

are obtained by using the block diagram in Figure 7 as follows:

Azd(s) . _2‘Vm'Vd*C‘CdC'THDM'<1+Ts‘S)'53 (24)
ALy (s) (Tapm -s+1) - A(s)
Aig(s) _ 2.V - Vi - Cae(1+ T -8) - 82 (25)

A’ihd(s) A(S)

Figures 12a and 12b show the Bode diagrams of Eqgs. (24) and (25), respectively. The gain is almost constant

between 100 rad/s and 10,000 rad/s. The phase difference is zero between the reference current and filter
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The graph of Kce—Lf for HB=1, fs=38kHz, Cdc=2300uF The graph of Kce—HB for Lf=2mH, fs=38kHz, Cdc=2300uF
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Figure 10. Stability range of DC link PI controller parameters with respect to system parameters. According to the

change in: (a) filter inductance, (b) hysteresis band, (c) DC link capacitor, (d) sampling frequency.

current during this interval. There is a 180 degree phase shift between the load current and filter current for
harmonic compensation. Figure 12b shows that the gain between filter current and current harmonics of the
load is greater than zero dB around 100 rad/s. The PI controller does not keep the DC link voltage constant
around this frequency and there is a periodical oscillation around the reference DC link voltage. This periodical
oscillation is verified by the results of the detailed simulation program in MATLAB-Simulink.

5. Experimental results

The load current, supply current, and DC link voltage are also recorded during the starting period and steady-
state operation of a prototype 20 kVA APF controlled by a TMS320F2812 DSP. The reference current extraction
method and hysteresis current controller are operated as two independent tasks in the DSP. The value of reference
current is updated with the main program cycle Ty = Typa = 38 kHz, while the hysteresis current controller
updates the switching signals around 100 kHz in an interrupt service routine. The performance of method
depends on phase error, frequency, and transient responses of the digital filter. A 10th order Butterworth LPF
was designed by using the Filter Design Toolbox in MATLAB. The cut-off frequency of the filter was chosen as
100 Hz with a sampling frequency of 38 kHz. The execution time of all routines in the program is 24.94 ps.
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Figure 11. Root locus plots of system. According to the change in K gain: (a) for Kcg = Kg = K, (b) zoom in for
Kce=Kg =K, (c) for Kcg/Kg=1.35 and Kg = K, (d) for Kcg =0.5 and Kg = K.
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Figure 12. Gain and phase variations according to frequency: (a) for Eq. (24), (b) for Eq. (25).
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The load consists of a three-phase diode bridge rectifier in parallel with a three-phase resistive load. The
DC link capacitor is charged at the beginning by the three-phase uncontrolled rectifier built in the voltage
source converter. The APF is operated when the simulation time is equal to 0.3 s and the load draws 20 A.
The reference DC link voltage was set to 650 V; therefore, the capacitor voltage is boosted from the output
voltage of the three-phase uncontrolled rectifier to the set value under the PI and hysteresis current controllers.
The measurements are obtained with a 400 MHz oscilloscope (LeCroy 604Zi), its ADP305 differential voltage,
and APO015 current probes. The load current, supply current, and DC link voltage waveforms from the detailed
simulation program are given in Figure 13a and their measured values are given in Figure 13b. The DC link
voltage rises to 700 V with an overshoot and settles down to the reference value (650 V) when the simulation
time is around 0.8 s. The DC link voltage is recorded with 650 V DC offset.

30 T T T T T T T T T
20 p ! ' .
10
0
-10
-20 . | . ¥ . . ¥ ARR
-30 i i i i i i i i i

o 8
1

Supply Current, (A)  Load Current, (A)
N
(=]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time, (s)
(a)

- =

< l |
y =
m C ‘
o.ooAnfa

Figure 13. Transient response of shunt active power filter at the start: (a) results from MATLAB model, (b) measured

50.0 V/diy
-650.0 V

(b)

results.
When the experimental and detailed simulation results given in Figures 13a and 13b are compared to the

results obtained from the linear model and given in Figure 8, they are compatible during the starting period.
The different parts of the system designed in the laboratory are given in Figures 14a—14g.
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Figure 14. The parts of designed test system: (a) Voltage measurement card, (b) Current measurement card, (c) DSP
and main control card, (d) Filter Inductances, (e) The drivers of power module, (f) The circuit of power module and

drivers, (g) PLC control unit.

6. Conclusions

In this paper, a linear model of a shunt APF that contains a hysteresis current controller is obtained by using
a synchronously rotating reference frame. The switching frequency is left as a variable in the d-axis model
even though the reference frame speed is selected at the fundamental frequency. This seems to be a reasonable
assumption during this linearization because switching frequency is very high with respect to power frequency.
The sampling frequency, hysteresis bandwidth, and execution time of the DSP are included in the linear model
of a shunt APF. The stability range of a DC link PI controller is found by applying the Routh—Hurwitz criteria.
The transfer functions between the load current and filter current are obtained and the Bode plots are given.

The linear model used here has a fourth-degree characteristic equation. It should be noted that the decoupled
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controllers on the direct and quadratic axes reduce the degree of characteristic equation to two. The experimental

records showed that linear model of the APF can be successfully used to design the dc link PI controller.

Symbol list ifl;, 22} reference currents in SRF
Ly switching inductance Tars tqL d, q components of load current
Lg source inductance Vgpy Vg g d, q components of terminal voltages
Ry resistance of switching inductor lde DC link current
R, source resistance We Synchronously angular velocity
Cyc DC link capacitor HB hysteresis band
€a, Chs Ec supply voltages €a,Ebs Ec The current tracking errors of each phase
Vaf,Ubf, Vey terminal voltages of active power filter c shape parameter of hysteresis function
iaf,ibf,%cr fllter currents o scaling parameter of hysteresis function
tal,pl,1¢;  load currents epr PI controller error
Tahs tbh, tep, harmonic currents from generated by load ¢ current error of decomposed current
fas fv, fe switching functions of each phase Vde, V), DC link actual and reference voltages
fas fq d, q components of switching functions Um peak voltage of supply
Fy, Iy simplifying on fg4, f; K, K; proportional and integral gains
Tafs lgf d, q components of filter currents in SRF  Kg, Kcg proportional and integral gains of digital PI
zfl} decomposed d axis current of filter controller
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Appendix
System parameters: Ly = 1.8 mH, Ry = 0.2 ohms, Cy. = 2300 pF, w. = 314 rad/s,
vy =310 V, v}, = 650 V, Kg = 0.0001, Kcg = 0.05, Ts = Tgpnm = 38 kHz.

Load parameters: Three phase rectifier load Rge_joaq = 50 ohms + Star connected parallel resistive load
Rioaqd = 20 ohms.
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