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Abstract: The paper describes second order generalized integrator (sogi) which is spe-
cialized in band-pass filtering and orthogonalization of periodic signals. Modifications of
the structure and the influence of parameters on the system performance is described.
The article highlights the particular importance of model discretization method in the
practical implementation, as well as reviews estimation methods of the: amplitude, fre-
quency, offset and phase angle of the periodic signal. Examples of simulation and experi-
mental results are presented.
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1. Introduction

Development of control methods for power electronics converters requires new solutions
for the monitoring and regulation of periodic signals. The main issue in this field is to provide
an accurate estimation of the parameters of selected components of the signal (amplitude, fre-
quency, offset and phase angle). Currently the most commonly used structure for this purpose
is Phase Locked Loop (PLL) [14]. Another issue is the practical implementation of regulators
which are developed in continuous domain. In discrete domain it is desired that executable
code requires minimal computational effort from the control unit. It is also important to
change the structure parameters without additional calculations. This applies to the corres-
ponding discretization of the continuous model, where the most frequently used method is
based on transformation from the continuous to discrete transfer function. These transfor-
mations require long calculation and occupy additional memory space in the control unit.

Article describes an estimation method of periodic signals parameters based on the Second
Order Generalized Integrator SOGI. By additional structure extensions and choice of the



www.czasopisma.pan.pl P N www.journals.pan.pl

424 K. Mozdzynski, K. Rafal, M. Bobrowska-Rafal Arch. Elect. Eng.

appropriate parameter values a very good dynamics and resistance to interference in signal
processing can be achieved.

Functions based on SOGI allow:

¢ band-pass, low-pass and band-stop filtering;
¢ estimation of harmonic signal parameters: amplitude, frequency, offset and phase angle

[1,9-11];

e generation of a tracking reference waveforms or regulated phase shifted reference wave-

forms [16];

e control and compensation of harmonic components as a part of the Proportional-Resonant

(PR) controller [2].

The key of the application (for the above features) is the continuous model discretization,
which is presented in this paper. The article proposes the rarely used and not yet defined
method for structural discretization [15]. It consists of substituting continuous integrator from
block diagram by chosen discrete integrator block. Then determines the type of each node and
determines the set of equations reflect the variables flow in discrete model. This solution ap-
pears to meet the demands of implementation and simplifies it, eliminating the continuous to
discrete conversion of the transfer function by the control unit.

In previous works a detailed applications of the SOGI as a current controller for grid-con-
nected converters were defined: single-phase grid connected inverters [4-7], three-phase grid
connected inverters [8], active filters [12], stator current harmonic control for doubly fed
induction generator [13]. In most of these works the problem of discretization is described [3],
however, the optimal form of practical implementation has not been finally defined.

The paper presents an analysis of second order generalized integrator and additional struc-
ture extensions that allow estimation of the parameters of a periodic signal. In subsequent
chapters specific impact of discretization on the practical implementation was discussed. Fur-
thermore, the examples of application were described.

2. Second order generalized integrator

2.1. Continuous domain model

Structure of SOGI is presented in Figure 1. This model is described by the Equations (1)
and (2). SOGI properties result from the conjugated poles +jw, located on the border of sta-
bility (MRI). Bode Diagrams of SOGI (Fig. 2) shows an infinite gain for the resonant fre-
quency. Confirmation of that fact is the time response for a periodic signal with frequency
equal to resonant frequency presented in Figure 3.

Fig. 1. SOGI in continuous time-domain
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Fig. 3. Step response of SOGI
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2.2. Feedback loop

The presence of resonance in SOGI structure causes a continuous growth of the output
signals amplitude. When signal is processed by SOGI in a digital system there is a problem
with the overflow of dedicated variables. To prevent this, structure is closed with the feedback
loop from the output signal ¥(s) as shown in Figure 4.

Y(s)
> Fig. 4. SOGI-OSG in continuous
time-domain

As a result, the transfer function takes the form of Equation (3) for direct output, and (4)
for orthogonal output.
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Bode Diagrams exhibit nature of the band-pass compatible output Y(s) (Fig. 5) and the
low-pass nature of the output Y'(s), which is phase-shifted (Fig. 6). SOGI structure with
feedback loop extension is defined as Orthogonal Signal Generator SOGI-OSG. The para-
meter k£ amplifying error signal E(s) affects the filter bandwidth and the transient response.
The choice of the parameter & requires a compromise between good signal filtering and system
response dynamics (Fig. 7).
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One should also pay attention to the signal E£(s) which is the difference between input U(s)
and output Y(s) described by following transfer function:

E(s) S+
U(s) s> +kans+ o

®)

As a result it represents the notch filter (Fig. 8). This feature is useful in signal offset
estimation, where it is assured that the signal contains one fundamental harmonic and DC
component (6). Offset estimation is shown in the Equations (7)-(11).
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Fig. 7. Step response of SOGI-OSG
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2.3. Frequency locked loop
SOGI-OSG described in previous section has one major drawback. When resonant fre-
quency is different than input signal frequency or there are frequency variations SOGI output



www.czasopisma.pan.pl P N www.journals.pan.pl

N

428 K. Mozdzynski, K. Rafal, M. Bobrowska-Rafal Arch. Elect. Eng.

loses tracking accuracy. As a result SOGI-OSG with constant resonant frequency is used only
where the designer is confident about the stability of the processed signal frequency and

knows its exact value.
Another extension of SOGI structure, called Frequency Locked Loop FLL, is presented in

Figure 9.
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Fig. 9. SOGI-FLL in continuous
time-domain
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Difference between input signal and direct output is multiplied by orthogonal output. This
result is then amplified by a factor -y and subjected to an operation of integration. The ultimate
result of these operations is the estimated value of input signal frequency. However the SOGI
system, which becomes non-stationary, as a parameter of the resonance frequency, must be
continuously updated. This includes practical applications, where continuous to discrete trans-
formation is used. Calculation of the coefficients in a real-time requires their re-transmission
in discrete transfer function. Solution to this problem is given in Section 3.2. Example exe-
cution of frequency estimation, is shown in Figure 10. SOGI-FLL has one significant dis-
advantage: when the input signal contains a DC component, the system will be unstable. To
prevent this, input signal should be high-pass filtered.

3. Discretization of continuous domain SOGI

Methods for discretization of continuous systems such as: tables of continuous and discrete
transfer function, continuous operators, state space equations, are based on the conversion of
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continuous transfer function or matrix with defined parameters. This is not a problem, when
the system is stationary. Discrete form of the system is determined only once, while for the
rest of the time cyclic calculations are performed on the basis of this one form of equations
with static parameters. However, in cases where the system is non-stationary, each calculation
of outputs function need an additional parameters conversion, which may takes more compu-
tational resources than the calculation of system outputs.

To solve the abovementioned problems the method proposed in the article is structured
discretization. It consists of several sequential steps. The first task is to bring the system to
a block diagram with the continuous domain integrator blocks. Then replace the integrator to
its counterpart in the discrete domain in accordance with the chosen method: Euler, Tustin,
etc. The result is a flow diagram of the variables, which is the basis to arrange a set of equa-
tions implementing the system. However, before the equations are arranged, it is necessary to
determine the key state variables and parameters of the system. At this stage, we can distin-
guish three types of variables that build the structure of the system, and they are: input/output
terminals, parameters and internal data (Fig. 11). Input/output terminals means the variables
are supplied to a system or retrieved from it. Internal data are variables used only for internal
purposes of the system, and the information about them is not needed outside. For example, it
may be storing the value for the next iteration. Parameters are constant values resulting from
the structure. Having defined variables and their classification, the equation can be arranged
starting at the input terminals and ending at the output terminals.

—Jpp Parameters L~

Input Output 3 . . .
terminals terminals T8 11. Pattern structure of discretized object
—p In‘g:rna -
ata

The most important factors determining the quality of the resulting equations are accurate
approximations of the continuous system response, calculation time and the number of vari-
ables representing the system. It is desired to achieve the highest accuracy of the approxi-
mation in the shortest possible time using the fewest number of variables. In order to verify
structured discretization method, tests were conducted using three discrete integrators: Euler
backward, Euler forward and bilinear.

3.1. SOGI-OSG discretization example

As to illustrate the structural discretization Euler forward integrator method is used and
substituted for its equivalent model in Figure 4. As a result, the following model was obtained:

The next step is to decide how many variables will be necessary to calculate equations and
assign them to the appropriate type. At this step the designer has the ability to match the
structure of the program code to design needs. For example, it was decided that the infor-
mation needed outside is signals y[n] and y'[n]. In contrast, the value of e[n] is treated as
a temporary and classified as an internal data. Just as qualified values y[n — 1], y'[n — 1] used
in the next iteration. This classification is summarized in Table 1.
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ylnl o
—>  Fig. 12. SOGI-OSG in discrete
time-domain with Euler Forward
integrators
Table 1. Assignment of variables according to the conceptual model of Figure 10
Input/output terminal Internal data Parameter
variables used only for internal .
. . . constant values resulting
variables which are supplied to|  purposes of the system or .
use case . . . from the construction of the
a system or retrieved from it | storing the value for the next
. . structure
1teration
variables u[n), y[n), y'[n] e[n], y[n—1], y'[n—-1] k, wg, Ty

The last step is to put equations on the basis of the flow diagram of variables (Fig. 12).
First equation should include input variables and save the results to internal data (12). Only
then a set of equations for output variables can be arranged in the correct Sequence (13), (14).

e[n]=uln]-y[n-1], (12)
yln]=yln=1]+(e[n]-k = y'[n =1])- &y T, (13)
Y'[n]= y'[n =11+ y[n]-@;. (14)

Arrangement of equations also allows the use of multi-step calculation of outputs. Thus,
due to the choice of a discrete integrator and flexibility when arranging equations, there can be
a huge number of variations. The Table 2 shows three of the possibilities. The maximum error
was calculated based on tracking the ideal sine wave by output y[n] which depends on: dis-
cretization method, integration period 7 and set of equations.

Table 2. Comparsion of different variants of integration methods, 7 = 0.00005 s

Maximum error [%]| Number of operations | Number of variables
Euler forward 1.57 7 4
Multi-step euler forward 0.88 15 5
Bilinear 2.25 12 6

Multistep method significantly reduces the approximation error at the expense of the ope-

rations amount. In contrast, bilinear method did not produce good results for either of the cri-
teria. The obtained results show the flexibility of the method of structural discretization to
achieve the assumed requirements.
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3.2. SOGI-FLL discretization example

Developed structure of SOGI-FLL confirms convenience of the structural discretization.
Following the scheme in the previous section, after substituting continuous domain integrators
with Euler forward discrete integrator in the model of the Figure 9 to give the variable flow
diagram (Fig. 13). In this case, the @, parameter becomes the output terminal w[#n] and is
added another parameter .

yln-1]

yinl
—>

Fig. 13. SOGI-FLL in discrete time-
domain with Euler Forward integra-
tors

Then the variable names are assigned to the nodes and arranged in the Eqations (15)-(18).

eln]=u[n]=y[n-1], (15)

yln]=yln =11+ (e[n]-k = y'[n])- @[n-1]-T, (16)
Y'[n]=y'[n =11+ y[n]-o[n-1]-T, a7
wln]=wln=1]=y-y'[n]-e[n]-T;. (18)

Athough SOGI become un-stationary system and the necessity of converting discrete
transform coefficients was eliminated. It is especially important here to define the initial con-
ditions for the frequency value. This cannot be the zero value because the system will not
initiate its operation.

4. Applications

Band-pass filtering properties and orthogonal waveform generation, are crucial for the ap-
plication of the SOGI. Output signals should contain only the basic harmonic frequency.
Achieving properly filtered waveform confirm the accuracy of the implemented algorithms
presented in this section.

4.1. Orthogonal Signal Generator and phase angle estimation

Band-pass filtering and orthogonal signal generation gives the possibility to apply it to sy-
stems of phase-locked loop (Fig. 14), particularly used to track voltage waveform of power
grid voltage. SOGI-OSQ replaces the band-pass filter and trigonometric functions of con-
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ventional PLL. An artificial system is created on the basis of the orthogonal and direct outputs,
which is then transformed to dg Synchronous Rotating Frame. Thus obtained ¢ component is
given on PI controller. PI output frequency is subjected to integration. The main disadvantage
of this structure may be a failure to adapt to fluctuations in the frequency of the input signal.
Then SOGI-OSG can be replaced by SOGI-FLL.

o

v | soal P Pl —> Fig. 14. Phase locked loop based

— : on SOGI-OSG
osG [ Y| /dqld

A 4

Y

Simplified method to estimate phase-angle is shown in Figure 15. Reversing output y[#]
then using the arcus tangens function receives the value of the phase-angle.

yln), |> |
uln] 0[n] i imation di
N SOGI SIS Fig. 15. Phase angle estimation diagram

osc | viInl | tn based on SOGI-OSG

»

4.2. Amplitude estimation

Amplitude of the selected harmonic signal can be estimated on the basis of y[n] and y'[n]
outputs in two ways. The first is a conditional detection of the zero crossing for both outputs.
When one of the outputs crosses zero, another is at its peak. As a result, the amplitude value is
updated four times a period.

{A =abs(y[n]) for y'[n]=0 (19)

A=abs(y'[n]) for y[n]=0

The second method is to use the properties of sinusoidal functions. If two sine waves of the
same amplitude are shifted from each other by 90° of the period, the amplitude is equal to the
square root of sum of squares of instantaneous values:

Aln]=~y[n’ + y'[n]’. (20)

Figure 16 shows the estimated amplitude waveforms, where the impact of pass band width
on the accuracy of the estimated amplitude is visualized. In the case of distorted signal y[n]
and )'[n] and the wider pass band using the method of (14) shows a greater stability. Both
methods are resistant to high frequency noise.

4.3. Frequency estimation

SOGI-FLL structure described in section 2.3 allows tracking of the fundamental frequency
of the input signal, simultaneously adjusting the resonance frequency to the estimated value.
Dynamics and accuracy depend on the parameters & (band-pass width) and y. Example results
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of frequency estimates progress depending on the parameters were shown in Figure 17 for the
k parameter, and Figure 18 for the y parameter used as an input signal such as shown in
Figure 9.
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Analysis of the parameter impact has been placed in the Table 3. Wider bandwidth im-
proves the successive values stabilization of the frequency estimation, however, adversely af-
fects the other factors. Parameter y value selection is a compromise between dynamics and
precision of the frequency estimation.

4.4. Normalized sine wave reference signal
The main task of a PLL is the estimation of the phase angle of the signal being tracked. In
this way a normalized sine wave reference signal was obtained. As follows from the properties
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of SOGI-OSG described in Section 2.2, the direct output tracks the input signal. Thus obtained
is a sine wave, can be normalized by dividing by the peak value:
yln]

Sulnl=n: @1

Table 3. The impact of parameter changes to the SOGI-FLL

Parameter Dynamic Filtering A f 0
— — — + —
k i
! + + - +
) T 0 0 - 0
l - 0 0 + 0

In the case of distorted input signals appropriately narrow bandwidth should be selected by
modifying the £ parameter. In this manner it is possible to replace the entire structure of the
PLL by extended SOGI-OSG structure (Fig. 19) which makes possibility to avoid the use of
trigonometric functions.

yinl o+ Sregln]
uln] | Fig. 19. Reft i ignal t
SOGI A[n] 12 ererence sine wave signal generator

y17 L yinl+ ylnl? diagram

5. Experimental results

In order to test the feasibility of developed SOGI structure, derived algorithms were
implemented on a TMS320F28069 digital signal controller from Texas Instruments [18]. The
microcontroller includes two floating-point computational units called CPU and CLA — Con-
trol Law Accelerator [19]. There are two cores operating in parallel, at the same 90 MHz
clock, where the CPU is the master unit. The input waveforms are assigned directly to the
analog to digital converter inputs of the microcontroller with the arbitrary waveform gene-
rator. The output waveform was generated by the microcontroller PWM output waveform
filtered by RC circuit (hence the apparent phase shift).

Figure 20 shows the waveform of the SOGI-OSG phase-compatible output response to
disturbed sinusoidal signal.

Figure 21 shows the waveforms amplitude estimation algorithm, where the input wave-
form with a frequency of 50 Hz is amplitude modulated. This creates the possibility of using
SOGI as an AM demodulator [17]. A similar effect can be achieved for the FM demodulation.
This is due to the fact that these quantities are estimated continuously. Figure 22 shows the
waveform of reaction SOGI-FLL to step change in frequency and phase of the input signal.
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Fig. 20. Red waveform is the distorted input

sine wave with offset, blue waveform is

signal from phase-compatible SOGI-OSG
output

Fig. 21. Blue waveform is the AM modulated ‘ ‘j_\\ /,‘/’/ Il / ‘ ‘
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waveform is the estimated amplitude

. . , ) 1 0 oy o o

Fig. 22. Green waveform is input signal with | /| [l\a/) [} b A 1 A ;\]w w rj'{ A HT\ A

i IR N { IR | L

frequency step from 80 Hz to 70 Hz, Red ||/l y L 0 s A b i i

. . . Tt WEVRERVETEANRYRYERA! IR T

waveform is the tracking signal from phase- H\ H M }‘w‘“l‘ﬁl *‘x\; ‘\ I ‘u?f\ Vi \ R \ *“J R
. | Vvl 1

compatible output IR TRV R T TV WOl

i o I oyl AR

Vi | ) | i | S W

—

Number of machine cycles needed for the practical implementation of algorithms in As-
sembler code is given in Table 4. Number of cycles shows the absolutely performance of the
algorithm, while the execution time duration depends on embedded system clock frequency.
When calculating machine cycles read/write memory operations were included.

Table 4. Summary of execution

CPU cycles Variables in memory
SOGI-OSG (Offset) 10 (12) 5(6)
SOGI-FLL 15 6
Amplitude 21 1
Phase angle 46 1
Reference sine wave 37 6

6. Conclusions

In the paper, the second order generalized integrator with additional extensions was
presented. Particular attention was paid to the problem of SOGI discretization. The use of
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algorithms based on equations basing on stacked discrete flowchart allows change of the
transfer function and eliminating parameters. As a result, achieved the ability to easily modify
and adapt the functionality to meet the needs arising from the assignment of the basic para-
meters of a periodic signal being processed. The main challenge for the designer is to deter-
mine the operating conditions and the choice of SOGI extensions parameters, which is a com-
promise between the response dynamics and the expected accuracy of the estimation.
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