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ABSTRACT

Grid connected applications require an accurate estimate of the grid angle to feed power synchronous to
the grid. This is achieved using a software phase locked loop (PLL). This application report discusses the
different challenges in the design of software phase locked loops for three phase grid connected inverters
and presents a methodology to design phase locked loops using C2000 controllers.

To illustrate, two well known PLL structures [1], [2] are discussed and designed using C2000 MUCs.
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1 Introduction

The phase angle of the utility is a critical piece of information for the operation of power devices like PV
Inverters that feed power into the grid. A PLL is a closed loop system in which an internal oscillator is
controlled to keep the time and phase of an external periodical signal using a feedback loop. The quality
of the lock directly affects the performance of the control loop in grid tied applications. As line notching,
voltage unbalance, line dips, phase loss and frequency variations are common conditions faced by
equipment interfacing with the electric grid. The PLL needs to be able to reject these sources of error and
maintain a clean phase lock to the grid voltage.

C2000, ControlSuite are trademarks of Texas Instruments.
All other trademarks are the property of their respective owners.
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In three phase systems, it is common to transform three phase time varying quantities to a dc system (in a
rotating reference frame).

Equation 1 shows that the sequence of the voltages is V, — V, — V, and the frequency is w.

Vq cos(ot)
Vp |=V/| cos(wt - 2n / 3)
Ve cos(wt - 4n | 3) 1)
Beta
q

Alpha

Figure 1. Transformation of Voltage From Three Phase to Stationary and Rotating Reference Frame

For transforming the three phase quantities to rotating reference frame, the first step is to transform the
three phase quantities into an orthogonal component system (alpha, beta also called stationary reference
frame) by taking the projections of the three phase quantities on an orthogonal axis. This is called the
Clarke transform (see Equation 2).

Vop0 =Tabc — ap 0 Vabe

Vo 5 1 cos(2rn/3) cos(4n/3) Vy 5 cos(wmt)
7 :\g 0 sin(2t/3) sin(4rn/3) | X |V :Jg sin(ot) |V
Vo 1 1 1 Ve 0
V2o 2 2 ()

In the stationary reference frame, the net voltage vector makes an angle 6 with the orthogonal reference
frame and rotates at a frequency of w. The system can then be reduced to DC by taking the projection of
the stationary reference frame components on the rotating reference frame. This is called the Park
transform (see Equation 3).

Vdq0 =Tap0 — dq0vapo

Vg cos(®@) sin(®) O Vo,
vg |= —sin(®) cos(®) O0|X VB
0 0 1

Vo Vo €)
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Figure 2. Simulation of Transforms From Three Phase to Rotating Reference Frame

Synchronous Reference Frame PLL

The role of the PLL in three phase context is to accurately estimate the angle the net voltage vector is
making by measuring the instantaneous voltage waveforms. Assuming the angle the PLL estimates is 6
and the actual angle is w*t, ABC->DQO0 transform can be written using Equation 2 and Equation 3:

Vg [ cos(®) sin(®) 0 cos(wt) cos(0) * cos(wt) + sin(0 ) sin(wt)
Vg :\/% —sin(®@) cos(®) 0|X| sin(wt) V:\E —sin(0) * cos(wt) + cos(0 )sin(wt) |V
Vo | | O 0 1 0 0 )
Using trigonometric identities, Equation 5 can be reduced to:
7vdﬁ [cos(ot —0)
2| .
Vg =\/; sin(ot —0)
ol L0 ®)

When PLL angle is close to the actual voltage vector angle, (w*t-8) is small or close to zero then sin(w*t-
0) ~ = (w*t-8). Therefore, it can be said for a balanced three phase system when PLL is locked, the g-axis
component in the rotating reference frame reduces to zero and when it is not locked or has small error the
g-axis component is linearly proportional to the error:

V, = (Wt — 8)

This property is used in the Synchronous Reference Frame PLL for three phase grid connected
application. The three phase quantities are transformed into the rotating reference frame and the q

component is used as the phase detect value. A low pass filter/PI is then used to eliminate steady state
error and the output fed to a VCO, which generates the angle and sine values.

(6)
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Measure Vgrid

Va :Vgridfas-n(gin) 2 _______ é_t_____S;‘l__l
B . 7 »| ABC->DQO i !
Vo =Vgig_p SIN@, +—-) Transform He 4'5:::
3 Ccos
|

V.=V sin(ein+4?ﬂ)

Figure 3. SPLL for 3ph-Based on Stationary Reference Frame

grid _c

It is known from Equation 6 that any error in the angle lock will show up on the g term and that the relation
between the error for small values is linear, see Equation 7:

err « Vgrid (Ggrid - GPLL) (7)

Small signal analysis is done using the network theory, where the feedback loop is broken to get the open
loop transfer equation and then the closed loop transfer function is given by:

Closed Loop TF = Open Loop TF / (1+ OpenLoopTF) (8)
The PLL transfer function can be written as follows:
Vgrid (KpS + ki)
Bout(s) _ LF(s) T;

Closed loop Phase TF : Ho(s)= =
Oin(s) s+LF(s) 2 kp
§% +VgridKpS + Vgrid T

i

2
Closed loop error transfer function: Eg(s) Va(s) _ 1-Hp(s)= S = s
Oin(s) s+LF(s) o kp
§% +kps + =
Ti ©)
Comparing the closed loop phase transfer function to the generic second order system transfer function:
2
H(s) = 22@@,,3 +op 5
%+ 20mps +op (10)

Now, comparing this with the closed loop phase transfer function, the natural frequency and the damping
ration of the lineralized PLL is given as:

VarigK
op = grid™p
\ T
¢ = Varid TiKp
4 (12)

2.1 Discrete Implementation of Pl Controller
The loop filter or Pl is implemented as a digital controller as shown in Equation 12:
ylf[n] = yIf[n — 11* A1+ ynotch[n] * BO + ynotch[n — 1] * B1 12)
Using z transform, Equation 13 can be re-written as:
ylf(z) BO+B1*z"
ynotch(z) 1- 71 (13)
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It is known that the Laplace Transform of the loop filter (Pl controller) is given by:
if(s) o Ki

ynotch(s) P s (14)
sS= g (27_1)
Now, using Bi-linear transformation, replace = T "z+1’, where T = Sampling Time.
2*Kp +Ki *T\ (2"Kp-Ki*T =
yif(z) _ 2 2
ynotch(z) 1_ 71 (15)

Equation 2 and Equation 3 can be compared to map the proportional and integral gain of the PI controller
into the digital domain. The next challenge is selecting an appropriate value for the proportional and

integral gain.
It is known that the step response to a general second order equation:
2
H(e)= 52—
s° +2Lops +op (16)
is given as:
y(t)=1-ce _Gtsin(mdt +0) (17)

Ignoring the LHP zero from Equation 17, the settling time is given as the time it takes for the response to
settle between an error band, say this error is 9, then:
t g =1 *in()

(¢ (e}

Where 6 =cop, and ¢ = 2 and og =1-¢ 2oy,
Od

1-0=1-ce Ol = 9-ce ©

(18)

Using settling time of 30 ms, error band of 5% and damping ratio of 0.7, the natural frequency of 158.6859
can be obtained; and then back substituting you get K, = 222.1603 and K, = 25181.22.

Back substituting these values into the digital loop filter coefficients, you get:

2K, + K * T 2K, —K;*T
Bo_[er i Jandm_(p i ]
2 2 (19)

For 10 Khz, run rate for the PLL, BO = 223.4194 and B1 = - 220.901.
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2.2 Simulating the Phase Locked Loop for Varying Conditions

Before coding the SPLL structure, it is essential to simulate the behavior of the PLL for different conditions

on the grid. Fixed point processors are used for lower cost in many grid tied converters. 1Q Math is a

convenient way to look at fixed point numbers with a decimal point. C2000 1Q math library provides built in

functions that can simplify handling of the decimal point by the programmer. First MATLAB is used to

simulate and identify the Q point the algorithm needs to be run at. Below is the MATLAB script using the

fixed point tool box that tests the PLL algorithm with varying grid conditions.

%%%%%%%%%%%%%%%%%%% PLL 3ph Modeling %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%

% Texas Instruments

% Digital Control Systems Group, Houston, TX

% Manish Bhardwaj

%%%%%%6%%%0%%%6%%%6%%%6%%%6%%%%6%% %0%% %6%% 6%%%6%%%6%%% %% % %% % %% % %% % %% %% %% % %% % %%

%%6%%%%%%%6%%%6%%%6%%%6%%%6%%%%%%%6%% %% % %% % %6%% %6%%%6%% %6 %6%% %% % %% % %% % 6% % %% % %% %% %% % %% %

9%%6%%%%0%%%6%%%6%%%6%%%6%%%6%%%%%%%6%% %% % %6%% %6%% Y6%% %% %% %6%% %% % %% % %6%% %% % %% %% %% % %% % %%%

% This software is licensed for use with Texas Instruments C28x

% Family DSCs. This license was provided to you prior to installing

% the software.

U ——

% Copyright (C) 2010-2012 Texas Instruments, Incorporated.

% All Rights Reserved.

%6%%%6%%%%6%%%6%%%%6%%%6%%%6%6% %% %%6%6% %6 %%% %66 % Y6 6% %66 % %66 % %606 % %% % %66 % %% % %6%6% %% % %% %%

clear all;

close all;

clc;

%Select numeric type,

T=numerictype("WordLength",32, "FractionLength®,22);

%Specify math attributes to the fimath object

F=Fimath("RoundMode*®, "floor", "OverflowMode", "wrap®);

F_ProductMode="SpecifyPrecision”;

F.ProductWordLength=32;

F.ProductFractionLength=22;

F_SumMode="SpecifyPrecision”;

F.SumWordLength=32;

F.SumFractionLength=22;

%specify Fipref object, to display warning in cases of overflow and

%underflow

P=Fipref;

P_LoggingMode="on";

P.NumericTypeDisplay="none";

P.FimathDisplay="none~";

%PLL Modelling starts from here

Fs=10000;

Ts=1/Fs; %Sampling Time = (1/fs) , Note Ts is related to the frequency

% the ISR would run in the solar application as well, assuming
% 10Khz control loop for the inverter

Tfinal=0.2; % Total time the simulation is run for

t=0:Ts:Tfinal; % time vector

GridFreq=60; % nominal grid frequency

wn=2*pi*GridFreq; % nominal frequency in radians

fn=CridFreq;

wu=2*pi*GridFreq;

theta=rem((t*2*pi*GridFreq),2*pi);

L=length(t);

%generate input signal and create a fi object of it

% CASE 1 : Phase Jump at the Mid Point

%
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% for n=1:floor(L/2)

% Ua(n)=cos(theta(n));

% Ub(n)=cos(theta(n)-2*pi/3);

% Uc(n)=cos(theta(n)-4*pi/3);

% end

% for n=Floor(L/2):L

% Ua(n)=cos(theta(n)+1.5);

% Ub(n)=cos(theta(n)-2*pi/3+1.5);
% Uc(n)=cos(theta(n)-4*pi/3+1.5);
% end

% Ua_ideal=Ua;

%CASE 2: Unbalanced Grid
Ua_ideal=cos(theta);

Ua=Ffi(Ua,T,F);
Ub=Fi(Ub,T,F);
Uc=Fi(Uc,T,F);
Ua_ideal=Fi(Ua_ideal ,T,F);

%declare arrays used by the PLL process
yIf =fi([0,0],T,F);
u_q =Fi([0.0]1.T.F);
Theta=Ffi1([0,0,0]1,T,F);
fo=Fi(0,T,F);
Ualpha=fi([0,0],T,F);
Ubeta=Fi([0,0],T,F);
ud_plus=Ffi([0,0],T,F);
Ug_plus=Ffi([0,0].T.F);
fn=Fi(fn,T,F);
wo=Fi1(0,T,F);

% simulate the PLL process
for n=3:L % No of iteration of the PLL process in the simulation time

Ualpha(n) =Fi((2.0/3.0),T,F)*(Ua(n)-Fi(0.5,T,F)*(Ub(n)+Uc(n)));
Ubeta(n) =Fi((2.0/3.0)*0.866,T,F)*(Ub(n)-Uc(n));

Ud_plus(n)=Ualpha(n)*cos(Theta(n))+Ubeta(n)*sin(Theta(n));
Ug_plus(n)=-Ualpha(n)*sin(Theta(n))+Ubeta(n)*cos(Theta(n));

u_q(1)=Ug_plus(n);

%Loop Filter
yIF(D)=yIFf(2)+Fi(167.9877775,T,F)*u_q(1)-Ffi(165.2122225,T,F)*u_q(2);
%y IF(1)=y1F(2)+Fi(1000.00005,T,F)*u_q(1)-fi(999.99995,T,F)*u_q(2);
yIf()=min([ylf(1) fi(200.0,T,F)]1):;

%update u_qgq for future use
u_q(2=u_q(1);

yIf(2)=y1f(1);

%update output frequency
fo=fn+yIf(1);

Theta(n+1)=Theta(n)+Ffi(2*pi,T,F)*(fo*Ts);

if(Theta(n+1)>=(Fi (2*pi,T,F)-Fi(2*pi,T,F)*(fo*Ts)))
Theta(n+1)=0;

end
end
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figure,subplot(3,1,1),plot(t,Va,"r",t,Ub,"b",t,Uc,"g"),title("Ua,Ub,Uc");
subplot(3,1,2),plot(t,Valpha, "r*,t,Ubeta),title("alpha beta®);
subplot(3,1,3),plot(t,Ud_plus(l:L),t,Uq_plus(1:L)), title("Ud Ug") ;

figure,subplot(2,1,1),plot(t,VUa_ideal,"r*,t,cos(Theta(1l:L)), "b"),title("Input AC ideal and Locked
AC™);

subplot(2,1,2),plot(t,VUa_ideal-cos(Theta(l:L))),title("Error®);

% for n=1:Ffloor(L)

% Ua(n)=cos(theta(n));

% Ub(n)=1.1*cos(theta(n)-2*pi/3);

% Uc(n)=cos(theta(n)-4*pi/3);

% end

% Ua_ideal=cos(theta);

%CASE 3: voltage harmonics

% Ffor n=1:floor(L)

% Ua(n)=cos(theta(n))+0.05*cos(5*theta(n));

% Ub(n)=cos(theta(n)-2*pi/3)+0.05*(cos(5*(theta(n)-2*pi/3)));
% Uc(n)=cos(theta(n)-4*pi/3)+0.05*(cos(6*(theta(n)-4*pi/3)));
% end

% Ua_ideal=cos(theta);

% CASE 4: voltage dips and swells

for n=1:floor(L/2)
Ua(n)=cos(theta(n));
Ub(n)=cos(theta(n)-2*pi/3);
Uc(n)=cos(theta(n)-4*pi/3);

end

for n=floor(L/2):L
Ua(n)=0.7*cos(theta(n));
Ub(n)=0.7*cos(theta(n)-2*pi/3);
Uc(n)=0.7*cos(theta(n)-4*pi/3);

end

Below are the results of the varying grid conditions on the PLL:

8
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Figure 4. PLL Response to Varying Grid Conditions
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2.3 Implementing PLL on C2000 Controller Using IQ Math
As the regular inverter typically uses 1Q24, and the Q point chosen for the PLL is 1Q21 as shown in the
above section , the code for the PLL can be written as follows.
SPLL_3ph_SRF_IQ.h header file
#ifndef SPLL_3ph_SRF_I1Q_H_
#define SPLL_3ph_SRF_IQ_H_
#define SPLL_SRF_Q _1Q21
#define SPLL_SRF _Qmpy _1Q21mpy
[/FFFEFRFRRRRRRX Structure Definition **xxxxxx//
typedef struct{
int32 B1_IF;
int32 BO_If;
int32 Al_IF;
}SPLL_3ph_SRF_I1Q_LPF_COEFF;
typedef struct{
int32 v_q[2];
int32 ylf[2];
int32 fo; // output frequency of PLL
int32 fn; //nominal frequency
int32 theta[2];
int32 delta_T;
SPLL_3ph_SRF_I1Q_LPF_COEFF Ipf_coeff;
}SPLL_3ph_SRF_1Q;
[[FFFFFFELIRR Function Declarations **x****x//
void SPLL_3ph_SRF_IQ_init(int Grid_freq, long DELTA_T, SPLL_3ph_SRF_IQ *spll);
void SPLL_3ph_SRF_1Q_FUNC(SPLL_3ph_SRF_I1Q *spll_obj);
#define SPLL_3ph_SRF_1Q_MACRO(spll_obj)\
/*update v_q[0] before calling the routine*/ \
/* Loop Filter */ \
spll_obj .yl f[0]=spll_obj.yIf[1]+SPLL_SRF_Qmpy(spll_obj.1pf_coeff.BO_If,spll_obj.v_q[0])+SPLL_SRF_Q
mpy(spll_obj.1pf _coeff.B1_If,spll_obj.v_q[1]); \
spll_obj.ylf[1]=spll_obj.yIf[0]; \
spll_obj.v_q[1]=spll_obj.v_q[0]; \
spll_obj .yl f[0]=(spll_obj.ylf[0]>SPLL_SRF_Q(200.0))?SPLL_SRF_Q(200.0):spll_obj.yIf[0];\
/* VCO */ \
spll_obj.fo=spll_obj.fn+spll_obj.yIlf[0]; \
spll_obj.theta[0]=spll_obj.theta[1]+SPLL_SRF_Qmpy(SPLL_SRF_Qmpy(spll Obj fo,spll_obj.delta_T),SPLL
_SRF_Q(2*3.1415926));
if(spll_obj.theta[0]>SPLL_SRF_Q(2*3.1415926)) \
spll_obj.theta[0]=spll_obj.theta[0]-SPLL_SRF_Q(2*3.1415926); \
spll_obj.theta[l]=spll_obj.theta[0];\
#endif /* SPLL_3ph_SRF_I1Q H_ */
SPLL_3ph_SRF_IQ.c source file:
#include "Solar_I1Q.h"
[[FFFFFFEIIRR Structure Init Function ****//
void SPLL_3ph_SRF_IQ _init(int Grid_freq, long DELTA_ T, SPLL_3ph_SRF_1Q *spll_obj)
{
spll_obj->v_q[0]=SPLL_SRF_Q(0.0);
spll_obj->v_q[1]=SPLL_SRF_Q(0.0);
spll_obj->yIf[0]=SPLL_SRF_Q(0.0);
spll_obj->yIf[1]=SPLL_SRF _Q(0.0);
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}

spll_obj->fo=SPLL_SRF_Q(0.0);
spll_obj->fn=SPLL_SRF_Q(Grid_freq);

spll_obj->theta[0]=SPLL_SRF_Q(0.0);
spll_obj->theta[1]=SPLL_SRF_Q(0.0);

// loop filter coefficients for 20kHz
spll_obj->1pf_coeff.BO_If=_1Q21(166.9743);
spll_obj->Ipf_coeff.B1_If=_1Q21(-166.266);
spll_obj->Ipf_coeff.Al_If=_1Q21(-1.0);

spll_obj->delta T=DELTA_T;

[/FFFFFFERRRRx Fynction Definition **xxx***x//
void SPLL_3ph_SRF_1Q_FUNC(SPLL_3ph_SRF_IQ *spll_obj)

{

//update v_q[0] before calling the routine

/- //
// Loop Filter //
/[ //

spll_obj->ylIf[0]=spll_obj->ylIf[1]+SPLL_SRF_Qmpy(spll_obj->Ipf_coeff.BO_If,spll_obj-

>v_q[0])+SPLL_SRF_Qmpy(spll_obj->Ipf_coeff.B1_If,spll_obj->v_q[1]);

>y1f[0];

spll_obj->ylf[1]=spll_obj->yIf[0];
spll_obj->v_q[1]=spll_obj->v_q[0];

spll_obj->ylIf[0]=(spll_obj->yIf[0]>SPLL_SRF_Q(200.0))?SPLL_SRF_Q(200.0):spll_obj-

. 7/
/7 VCO 7/
. //

spll_obj->fo=spll_obj->fn+spll_obj->yIf[0];

spll_obj->theta[0]=spll_obj->theta[1]+SPLL_SRF_Qmpy(SPLL_SRF_Qmpy(spll_obj-

>fo,spll_obj->delta_T),SPLL_SRF_Q(2*3.1415926));

iT(spll_obj->theta[0]>SPLL_SRF_Q(2*3.1415926))
spll_obj->theta[0]=spll_obj->theta[0]-SPLL_SRF_Q(2*3.1415926);

spll_obj->theta[1]=spll_obj->theta[0];

3
ISR
Read three phase voltage
values from the ADC
Execute Clark and Park
Transforms and feed the Q- -
axis value to the SPLL object > I Loori:llter
Call SRF SPLLrun FUNC VCO & Calculate
theta
]
Calculate sin/cos from the
theta computed in SPLLand
run therest of the inverter
ISR
Exit ISR
Figure 5. SRF SPLL Usage Flowchart
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To use this block in an end application, declare objects for the SPLL structure, loop filter coefficients and
notch filter coefficients.

/) - Software PLL for Grid Tie Applications --———-——-——-
SPLL_3ph_SRF_1Q spll1;

Call the SPLL_3ph_SRF _init routine with the frequency of the ISR, the SPLL will be executed in as
parameter and the grid frequency and then call the notch filter update coefficient update routine.

SPLL_3ph_SRF_init(GRID_FREQ, 1Q21((Float)(1.0/1SR_FREQUENCY)),&spll1;

In the ISR, read the sinusoidal input voltage from the ADC and feed it into the SPLL block; write to invsine
value with the sinus of the current grid angle. This can then be used in control operations.

abc_dg0_posl.a = _1Qmpy(GridMeasl,_1Q(0.5));
abc_dg0_posl.b = _1Qmpy(GridMeas2, 1Q(0.5));
abc_dg0_posl.c = _1Qmpy(GridMeas3,_1Q(0.5));
abc_dg0_posl.sin=_I1Qsin((splll.theta[1])<<3);// Q24 to Q21
abc_dg0_posl.cos=_l1Qcos((splll.theta[l1])<<3);// Q24 to Q21
ABC_DQO_POS_1Q_MACRO(abc_dq0_posl);

// Q24 to Q21
splll.v_q[0] = (int32)(_1QtolQ21(abc_dq0_posl.q));

// SPLL call
SPLL_3ph_SRF_1Q_FUNC(&spll1;

3 Imbalances in Three Phase Grid
The grid is subject to varying conditions, which results in imbalances on the phase voltages. From the
theory of symmetrical components, it is known that any unbalanced three phase system can be reduced to
two symmetrical systems and zero component: one rotating in the positive direction called the positive
sequence and the other rotating in the negative sequence called the negative sequence (see Figure 6).
The behavior of unbalanced voltages on Park and Clarke transform is analyzed in the section below.
Negative sequence
balanced three phase
system
—>
—>
—>
Zero
Component
¢ Positive sequence
Unbalanced Three balanced three phase
Phase System system
Figure 6. Imbalances in Three Phase Grid
cos(wt) cos(wt) 1
v=vt1 coswt - 2 13) |+ V| cos(wt — 4x 13) |+ VO 1
cos(wt —4x / 3) cos(wt —2r / 3) 1 (20)
Using Clarke transform, w.v.t the positive sequence.
PR
2 2
2 NE) 3 [ coswt)] . _4[cos(-wt)
=Tabe — *v=210 22 X iry=v v
Yap =labc —>af V=31 F 5T TV sinwt) | | sin(-wt)
111
2 2 2 1)
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Furthermore, taking Park's transform and projections on the rotating reference frame, it is observed that
any negative sequence component appears with twice the frequency on the positive sequence rotating
frame axis and vice versa.

N . | cos(wt) sin(wt) oyt cos(wt) —q|cos(-wt) |} 1|1 _1| cos(—2wt)
Vdq+ = Tabc —> dqo + V‘*B_Lsin(mt) cos(@t)} [V [sin(wt)}v Lin(—wt)D_V MW [sin(—2th

3 R _ | cos(wt) —sin(wt) o+ cos(wt) _q| cos(-wt) |} | 41| cos(-2wt) 11
Vg =Tabe —>dq0 - " Vo = [sin(mt) cos(mt)} (V Lin(wt)} v Lin(—wt)D =V [sin(—Zwt)}rV [0} (22)
This causes errors in the estimation of the grid angle, and needs to be taken into account while designing
a phase locked loop for three phase grid connected application.

4 Decoupled Double Synchronous Reference Frame PLL

As seen in Section 3, the unbalanced three phase system can be resolved into two balanced three phase
systems: one rotating in the positive sequence and the other in the negative sequence [1]. Before the PLL
has been locked, the positive and negative vector can be written as Equation 23:

cos(wt +¢1) cos(wt +¢_1) 1
v=vtl cos(wt —2r /3 +¢1) v cos(wt —4n /3+¢ _1) +V0|4
cos(wt —4m /3 + _ 1
( ?1) cos(wt — 21 /3+¢ _4) (23)
A
Vs y

Figure 7. Positive and Negative Sequence of Unbalance Three Phase System

Use the Park transform:
Vo = +1{cos(wt +cp+1)}+v,1{cos(fwt +(p_1):|

sin(ot +¢41) sin(-of +¢_1) (24)
Projections of the orthogonal system on the rotating reference frame of the positive recurrence can be
written as shown in Equation 25:
11| cos(ot + ¢4 1) _q| cos(-wt +¢_1)|),| cos(wt) sin(wt)
Vag+ =|V ) +V . )
sin(ot +¢41) sin(—ot +¢_1) —sin(wt) cos(wt) (25)
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Simplifying,

v [y 7COS((|)+1)7+V,1icos(fo)t+go_1) .| cos(ot)  sin(wt)
dg+ | sin(e1) | | sin(-ot +¢_q) | |-sin(ot) cos(ot)

v [y [cos(@,1)] = [cos(-ot +9_1)], [ cos(wt) sin(wt)
dq-+ | sin(1) | | sin(—ot +¢_1) | | -sin(ot) cos(ot)

(
g~ e e e
S U Perte S ety
g~ o e o)
acads U P S oo R |

[\ ,+1[cos(es1)] . - [cos(mt)| _ [ sin(2mt)
= Vdg+ = [V sin(,q) | 9- [— sin(2mt)} Vg Los(th)D

The d and q axis components are written as:
Vd+_ decoupled = V*Tcos(e, 1) =vg 4 ~ Vg cos(2ot) - Vg — sin(2ot)
Vg+_decoupled = v+ sin(@..1) = Vg 4 + Vg - sin(2ot) - vy _ cos(2wt)

A decoupling network is used to eliminate these values [1].

(26)

27)
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Once decoupled, the same property of the g component that was used to design the SRF PLL can be
used (see Section 2.1), where the positive sequence g axis component, when the PLL is locked, is zero or
the value is linear to the angle error. The PLL using the decoupling network is shown in Figure 8.

Decoupling
Network
Va———3 abc > Alpha, > vy
Vb ——> Alpha Beta
VG ———Pp Beta dqz + M
* A\ /1
Alpha,
Beta
dqz- > Decoupli
pling > »
A Network LPF ”
A
Theta

Figure 8. DDSRF PLL Structure

4.1 Discrete Implementation of Low Pass Filter
Typical low pass filter transfer function is given by:

LPF(s)=—2f
(s +of) (28)
In the analog domain, now using bilinear transformation:
of T
e @aten®Y ke
LPF(z)= 2@ +of) - (z+ (of T - 2)) " (z+ko)
T(z+1) (0fT +2) (29)

Where T is the sampling period the digital low pass filter is run at. Using T=1/(10Khz)=0.0001 and
of 1

from the discussion in [1] it is known that $<ﬁ for stable response of the PLL, therefore, choosing:

w; =30

results in:

k, = 0.00933678, k, = -0.9813264
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4.2 Simulating the Phase Locked Loop for Varying Conditions

Before coding the SPLL structure, it is essential to simulate the behavior of the PLL for different conditions
on the grid. Fixed point processors are used for lower cost in many grid tied converters. 1Q Math is a
convenient way to look at fixed point numbers with a decimal point. C2000 1Q math library provides built in
functions that can simplify handling of the decimal point by the programmer. First, MATLAB is used to
simulate and identify the Q point the algorithm needs to be run at. Below is the MATLAB script using the
fixed point tool box that tests the PLL algorithm with varying grid condition.

069606966696 %66%6 Y6696 Y66%6 Y660 Y6060 Yee% 6% Ve Yeeo Ve Ve e e e e e Yoo YoY% Y% %

% This software is licensed for use with Texas Instruments C28x

% Ffamily DSCs. This license was provided to you prior to installing

% the software.

)

% Copyright (C) 2010-2012 Texas Instruments, Incorporated.

% All Rights Reserved.
9%%6%%%%0%%%6%%%6%%%6%%%6%%%6%%%%%%%6%% %0%% %6%% %6%%Y6%%%%6%% %% % %% % %% % %% % 6% %% %% % %% % %%%
clear all;

close all;

clc;

%Select numeric type,
T=numerictype(“WordLength",32, "FractionLength®,22);

%Specify math attributes to the fimath object
F=Fimath(*RoundMode*®, "floor*, "OverflowMode*, *wrap*);
-ProductMode="SpecifyPrecision”;
F_ProductWordLength=32;

F.ProductFractionLength=22;

F

F

n

-SumMode="SpecifyPrecision”;
-SumWordLength=32;
F.SumFractionLength=22;
Y%specify fipref object, to display warning in cases of overflow and
%underflow
P=Fipref;
P.LoggingMode="on";
P.NumericTypeDisplay="none";
P_FimathDisplay="none~;

%PLL Modelling starts from here

Fs=10000;

Ts=1/Fs; %Sampling Time = (1/fs) , Note Ts is related to the frequency
% the ISR would run in the solar application as well, assuming
% 10Khz control loop for the inverter

Tfinal=0.2; % Total time the simulation is run for

t=0:Ts:Tfinal; % time vector

GridFreq=60; % nominal grid frequency

wn=2*pi*GridFreq; % nominal frequency iIn radians
fn=GridFreq;

%generate input signal
wu=2*pi*GridFreq;
theta=rem((t*2*pi*GridFreq),2*pi);
L=length(t);

%generate input signal and create a fi object of it
%CASE 1 : Phase Jump at the Mid Point

for n=1:floor(L/2)
Ua(n)=cos(theta(n));
Ub(n)=cos(theta(n)-2*pi/3);
Uc(n)=cos(theta(n)-4*pi/3);

end

for n=Floor(L/2):L
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Ua(n)=cos(theta(n)+1.5);
Ub(n)=cos(theta(n)-2*pi/3+1.5);
Uc(n)=cos(theta(n)-4*pi/3+1.5);
end
Ua_ideal=Ua;

%CASE 2: Unbalanced Grid

% for n=1:Ffloor(L)

% Ua(n)=cos(theta(n));

% Ub(n)=1.1*cos(theta(n)-2*pi/3);
% Uc(n)=cos(theta(n)-4*pi/3);

% end

% Ua_ideal=cos(theta);

%CASE 3: voltage harmonics

% Ffor n=1:floor(L)

% Ua(n)=cos(theta(n))+0.05*cos(5*theta(n));

% Ub(n)=cos(theta(n)-2*pi/3)+0.05*(cos(5*(theta(n)-2*pi/3)));
% Uc(n)=cos(theta(n)-4*pi/3)+0.05*(cos(6*(theta(n)-4*pi/3)));
% end

% Ua_ideal=cos(theta);

% CASE 4: voltage dips and swells
% %
% for n=1:floor(L/2)

% Ua(n)=cos(theta(n));

% Ub(n)=cos(theta(n)-2*pi/3);

% Uc(n)=cos(theta(n)-4*pi/3);

% end

% for n=Floor(L/2):L

% Ua(n)=0.7*cos(theta(n));

% Ub(n)=0.7*cos(theta(n)-2*pi/3);
% Uc(n)=0.7*cos(theta(n)-4*pi/3);
% end

% Ua_ideal=cos(theta);

Ualpha=[0,0];
Ubeta=[0,0];

ud_plus=[0,0];
Ug_plus=[0,0];

Ud_minus=[0,0];
uUg_minus=[0,0];

Ud_plus_decoupl=[0,0];
Ug_plus_decoupl=[0,0];

Ud_minus_decoupl=[0,0];
Ug_minus_decoupl=[0,0];

Ud_plus_decoupl_Ipf=[0,0];
Ug_plus_decoupl_I1pf=[0,0];

Ud_minus_decoupl_I1pf=[0,0];
Ug_minus_decoupl_I1pf=[0,0];

y=[0,0];
x=[0,0];
w=[0,0];
z=[0,0];

ylf =[0,0];
u_q =[0,0];
Theta=[0,0,0];
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fo=0;

Ua=fi(Ua,T,F);
Ub=Fi(Ub,T,F);
Uc=Fi(Uc,T,F);
Ua_ideal=Ffi(Ua_ideal ,T,F);

%declare arrays used by the PLL process

Ualpha =fi(Ualpha,T,F);

Ubeta =fi(Ubeta,T,F);

ud_plus =Ffi(ud_plus,T,F);

Ug_plus =Ffi(Uq_plus,T,F);

Ud_minus =fi(Ud_minus,T,F);

Ug_minus =fi(Ug_minus,T,F);

Ud_plus_decoupl =fi(ud_plus_decoupl,T,F);
Ug_plus_decoupl =fi(Uqg_plus_decoupl,T,F);
Ud_minus_decoupl =Ffi(Ud_minus_decoupl,T,F);
Ug_minus_decoupl =Fi(Ug_minus_decoupl,T,F);
Ud_plus_decoupl_Ipf =Ffi(Ud_plus_decoupl_Ipf,T,F);
Ug_plus_decoupl_Ipf =Ffi(Uq_plus_decoupl_Ipf,T,F);
Ud_minus_decoupl_lpf =Fi(Ud_minus_decoupl_Ipf,T,F);
Ug_minus_decoupl_Ipf =Fi(Ug_minus_decoupl_Ipf,T,F);
y=Fi(y.T.F);

x=Fi(X,T,F);

w=Fi(w,T,F);

z=Fi(z,T,F);

yIf=Fi(ylf,T,F);

u_g=Fi(u_q,T,F);

Theta=Fi(Theta,T,F);

fo=Fi(fo,T,.F);

% simulate the PLL process
for n=3:L % No of iteration of the PLL process in the simulation time

Ualpha(n) =fi((2.-0/73.0),T,F)*Wa(n)-fi(0.5,T,F)*(Ub(n)+Uc(n)));
Ubeta(n) =fi((2.0/3.0)*0.866,T,F)*(Ub(n)-Uc(n));

sl=sin(Theta(n));
cl=cos(Theta(n));
s2=sin(fi(2,T,F)*Theta(n));
c2=cos(fi(2,T,F)*Theta(n));

uUd_plus(n)=Ualpha(n)*cl+Ubeta(n)*sl;
Ug_plus(n)=-Ualpha(n)*sl+Ubeta(n)*cl;

Ud_minus(n)=Ualpha(n)*cl-Ubeta(n)*sl;
Ug_minus(n)=Ualpha(n)*sl+Ubeta(n)*cl;

Ud_plus_decoupl (n)=Ud_plus(n)-Ud_minus_decoupl_lIpf(n-1)*c2-Ug_minus_decoupl_lpf(n-1)*s2;
Ug_plus_decoupl (n)=Uq_plus(n)+Ud_minus_decoupl_Ipf(n-1)*s2-Uq_minus_decoupl_Ipf(n-1)*c2;

Ud_minus_decoupl(n)=Ud_minus(n)-Ud_plus_decoupl_Ipf(n-1)*c2+Ug_plus_decoupl_lpf(n-1)*s2;
Ug_minus_decoupl(n)=Uq_minus(n)-Ud_plus_decoupl_lpf(n-1)*s2-Ug_plus_decoupl_Ipf(n-1)*c2;

k1=Fi1(0.00933678,T,F);
k2=Fi1(-0.9813264,T,F);

y(n)=Ud_plus_decoupl (n)*kl-k2*y(n-1);
Ud_plus_decoupl_Ipf(n) = y(n)+y(n-1);

x(n)=Uq_plus_decoupl (n)*k1-k2*x(n-1);
Ug_plus_decoupl_Ipf(n) = x(n)+x(n-1);

w(n)=Ud_minus_decoupl (n)*k1l-k2*w(n-1);
Ud_minus_decoupl_lpf(n) = w(n)+w(n-1);

18 Software Phase Locked Loop Design Using C2000™ Microcontrollers for
Three Phase Grid Connected Applications
Copyright © 2013, Texas Instruments Incorporated

SPRABT4A—-November 2013
Submit Documentation Feedback


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SPRABT4A

13 TEXAS
INSTRUMENTS

www.ti.com Decoupled Double Synchronous Reference Frame PLL

z(n)=Uqg_minus_decoupl(n)*kl1-k2*z(n-1);
Ug_minus_decoupl_lpf(n) = z(n)+z(n-1);
u_q(1)=Uq_plus_decoupl(n);

%Loop Filter
yIf(Q)=yIf(2)+Fi(167.9877775,T,F)*u_q(1)-fi(165.2122225,T,F)*u_q(2);

%update u_q for future use
u_q(2)=u_q(1);

yIf(2)=y1f(1);

%update output frequency
fo=Fn+ylf(1);

Theta(n+1)=Theta(n)+fi (2*pi,T,F)*(fo*Ts);
Theta(n+1)=Theta(n)+Fi(2*pi,T,F)*(fo*Ts);

if(Theta(n+1)>=(Fi(2*pi,T,F)))
Theta(n+1)=Theta(n+1)-fi (2*pi,T,F);
end

end

figure,subplot(3,1,1),plot(t,Va,"r",t,Ub,"b",t,Uc,"g"),title("Ua,Ub,Uc");
subplot(3,1,2),plot(t,Valpha, "r*,t,Ubeta),title("alpha beta®);
subplot(3,1,3),plot(t,Ud_plus_decoupl_Ipf(1:L),t,Uq_plus_decoupl_Ipf(1:L)), title("Ud Uq,
decoupled Ipf") ;

figure,subplot(2,1,1),plot(t,Ua_ideal,"r",t,cos(Theta(l:L)),"b"),title("Input AC ideal and Locked
AC™);
subplot(2,1,2),plot(t,Ua_ideal-cos(Theta(l:L))),title("Error®);
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4.3 Implementing PLL on C2000 Controller Using IQ Math

As the regular inverter typically uses 1Q24, and as shown in the above section, the Q point chosen for the
PLL is 1Q22, the code for the PLL can be written as follows.
SPLL_3ph_DDSRF_1Q.h Header File:

#ifndef SPLL_3ph_DDSRF_IQ _H_
#define SPLL_3ph_DDSRF_1Q_H_

#define SPLL_DDSRF_Q _1Q22
#define SPLL_DDSRF_Qmpy _ 1Q22mpy

[[FFFFFFEIIRR Structure Definition **xx*x*x**x//
typedef struct{

int32 B1_If;

int32 BO_IT;

int32 Al _If;
}SPLL_3ph_DDSRF_1Q_LPF_COEFF;

typedef struct{

int32 d_p;
int32 d_n;
int32 g_p;
int32 g_n;
int32 d_p_decoupl;
int32 d_n_decoupl;
int32 g_p_decoupl;
int32 g_n_decoupl;

int32 cos_2theta;
int32 sin_2theta;

int32 y[2];

int32 x[2];

int32 w[2];

int32 z[2];

int32 ki1;

int32 k2;

int32 d_p_decoupl_IpfT;
int32 d_n_decoupl_IpfT;
int32 g_p_decoupl_IpT;
int32 g_n_decoupl_IpfT;

int32 v_q[2];

int32 theta[2];

int32 ylf[2];

int32 fo;

int32 fn;

int32 delta_T;

SPLL_3ph_DDSRF_I1Q_LPF_COEFF Ipf_coeff;
}SPLL_3ph_DDSRF_IQ;

J/FFFFFEEx Function Declarations **x*x*x//

void SPLL_3ph_DDSRF_IQ_init(int Grid_freq, long DELTA_T, long k1, long k2, SPLL_3ph_DDSRF_IQ
*spll);

void SPLL_3ph_DDSRF_I1Q_FUNC(SPLL_3ph_DDSRF_IQ *spll_obj);

#define SPLL_3ph_DDSRF_1Q_MACRO(spll_obj)

spll_obj.d_p_decoupl=spll_obj.d_p -
SPLL_DDSRF_Qmpy(spll_obj.d_n_decoupl_Ipf,spll_obj.cos_2theta) -
SPLL_DDSRF_Qmpy(spll_obj.qg_n_decoupl,spll_obj.sin_2theta); \
spll_obj.qg_p_decoupl=spll_obj.q_p +
SPLL_DDSRF_Qmpy(spll_obj.d_n_decoupl_Ipf,spll_obj.sin_2theta) -
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SPLL_DDSRF_Qmpy(spll_obj.q_n_decoupl,spll_obj.cos_2theta); \
spll_obj.d_n_decoupl=spll_obj.d n -
SPLL_DDSRF_Qmpy(spll_obj.d_p_decoupl_Ipf,spll_obj.cos_2theta) +
SPLL_DDSRF_Qmpy(spll_obj.q_p_decoupl,spll_obj.sin_2theta); \
spll_obj.g_n_decoupl=spll_obj.q_n -
SPLL_DDSRF_Qmpy(spll_obj.d_p_decoupl_Ipf,spll_obj.sin_2theta) -
SPLL_DDSRF_Qmpy(spll_obj.q_p_decoupl,spll_obj.cos_2theta); \
spll_obj.y[1]=SPLL_DDSRF_Qmpy(spll_obj.d_p_decoupl,spll_obj.kl)-
SPLL_DDSRF_Qmpy(spll_obj.y[0],spll_obj._-k2); \
spll_obj.d _p_decoupl_Ipf=spll_obj.y[1]+spll_obj.y[0]; \
spll_obj.y[O]=spll_obj.y[1]; \
spll_obj -x[1]=SPLL_DDSRF_Qmpy(spll_obj.q_p_decoupl,spll_obj.kl)-
SPLL_DDSRF_Qmpy(spll_obj.x[0],spll_obj.k2); \
spll_obj.q_p_decoupl_lpf=spll_obj.x[1]+spll_obj.x[0]; \
spll_obj.-x[0]=spll_obj_-x[1]; \
spll_obj.w[1]=SPLL_DDSRF_Qmpy(spll_obj.d_n_decoupl,spll_obj.k1l)-
SPLL_DDSRF_Qmpy(spll_obj.w[0],spll_obj.k2); \
spll_obj.d_n_decoupl_lpf=spll_obj.w[1]+spll_obj.-w[0]; \
spll_obj.w[0]=spll_obj.w[1]; \
spll_obj.z[1]=SPLL_DDSRF_Qmpy(spll_obj.q_n_decoupl,spll_obj.kl)-
SPLL_DDSRF_Qmpy(spll_obj.z[0],spll_obj.-k2); \
spll_obj.q_n_decoupl_Ipf=spll_obj.z[1]+spll_obj.z[0]; \
spll_obj.z[0]=spll_obj.z[1]; \
spll_obj.v_q[O]=spll_obj.q_p_decoupl; \

spll_obj.ylf[0]=spll_obj.ylf[1]+SPLL_DDSRF_Qmpy(spll_obj.Ipf_coeff.BO_If,spll_obj.v_q[0])+SPLL_DDS
RF_Qmpy(spll_obj . 1pf_coeff.Bl1_If,spll_obj.v_q[1]); \
spll_obj.ylf[1]=spll_obj.yIf[0]; \
spll_obj.v_q[1]=spll_obj.v_q[0]; \
spll_obj.fo=spll_obj.fn+spll_obj.yIf[0];

spll_obj.theta[0]=spll_obj.theta[1]+SPLL_DDSRF_Qmpy
(SPLL_DDSRF_Qmpy(spll_obj.fo,spll_obj.delta_T),SPLL_DDSRF_Q(2*3.1415926));
if(spll_obj.theta[0]>SPLL_DDSRF_Q(2*3.1415926)) \
spll_obj.theta[0]=spll_obj.theta[0]-SPLL_DDSRF_Q(2*3.1415926); \
spll_obj.theta[1]=spll_obj.theta[0]; \
#endif /* SPLL_3ph_DDSRF_I1Q H_ */

SPLL_3ph_DDSRF_1Q.c source file:
#include "Solar_I1Q.h"

[/FFFFFFAEFSxx Structure Init Function ****//
void SPLL_3ph_DDSRF_I1Q_init(int Grid_freq, long DELTA_T, long k1, long k2, SPLL_3ph_DDSRF_IQ
*spll_obj)
{
spll_obj->d_p=SPLL_DDSRF_Q(0.0);
spll_obj->d_n=SPLL_DDSRF_Q(0.0);

spll_obj->g_p=SPLL_DDSRF_Q(0.0);
spll_obj->q_n=SPLL_DDSRF_Q(0.0);

spll_obj->d_p_decoupl=SPLL_DDSRF_Q(0.0);
spll_obj->d_n_decoupl=SPLL_DDSRF_Q(0.0);

spll_obj->qg_p_decoupl=SPLL_DDSRF_Q(0.0);
spll_obj->q_n_decoupl=SPLL_DDSRF_Q(0.0);

spll_obj->d_p_decoupl_lpf=SPLL_DDSRF_Q(0.0);
spll_obj->d_n_decoupl_lIpf=SPLL_DDSRF_Q(0.0);

spll_obj->qg_p_decoupl_lpf=SPLL_DDSRF_Q(0.0);
spll_obj->q_n_decoupl_lIpf=SPLL_DDSRF_Q(0.0);

spll_obj->y[0]=SPLL_DDSRF_Q(0.0);
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spll_obj->y[1]=SPLL_DDSRF_Q(0.0);

spll_obj->x[0]=SPLL_DDSRF_Q(0.0);
spll_obj->x[1]=SPLL_DDSRF_Q(0.0);

spll_obj->w[0]=SPLL_DDSRF_Q(0.0);
spll_obj->w[1]=SPLL_DDSRF_Q(0.0);

spll_obj->z[0]=SPLL_DDSRF_Q(0.0);
spll_obj->z[1]=SPLL_DDSRF_Q(0.0);

spll_obj->k1=k1;
spll_obj->k2=k2;

spll_obj->v_q[0]=SPLL_DDSRF_Q(0.0);
spll_obj->v_q[1]=SPLL_DDSRF_Q(0.0);

spll_obj->y1f[0]=SPLL_DDSRF_Q(0.0);
spll_obj->ylIf[1]=SPLL_DDSRF_Q(0.0);

spll_obj->fo=SPLL_DDSRF_Q(0.0);
spll_obj->fn=SPLL_DDSRF_Q(Grid_freq);

spll_obj->theta[0]=SPLL_DDSRF_Q(0.0);
spll_obj->theta[1]=SPLL_DDSRF_Q(0.0);

// loop filter coefficients for 20kHz
spll_obj->Ipf_coeff.BO_If=_1Q22(166.9743);
spll_obj->Ipf_coeff.B1_If=_1Q22(-166.266);
spll_obj->1pf_coeff.Al_If=_1Q22(-1.0);

spll_obj->delta_T=DELTA_T;
3

[ /FFFExxRRAEE Fyunction Definition *******x//
void SPLL_3ph_DDSRF_1Q_FUNC(SPLL_3ph_DDSRF_I1Q *spll_obj)
{
// before calling this routine run the ABC_DQO_Pos Neg and update the values for
d_p,d_n,q_p,q_n
// and update the cos_2theta and sin_2theta values with the prev angle

Y e e e e //
// Decoupling Network //
Y //

spll_obj->d_p_decoupl=spll_obj->d_p - SPLL_DDSRF_Qmpy(spll_obj-
>d_n_decoupl_Ipf,spll_obj->cos_2theta) - SPLL_DDSRF_Qmpy(spll_obj->q_n_decoupl,spll_obj-
>sin_2theta);

spll_obj->qg_p_decoupl=spll_obj->q_p + SPLL_DDSRF_Qmpy(spll_obj-
>d_n_decoupl_Ipf,spll_obj->sin_2theta) - SPLL_DDSRF_Qmpy(spll_obj->q_n_decoupl,spll_obj-
>cos_2theta);

spll_obj->d_n_decoupl=spll_obj->d_n - SPLL_DDSRF_Qmpy(spll_obj-
>d_p_decoupl_Ipf,spll_obj->cos_2theta) + SPLL_DDSRF_Qmpy(spll_obj->q_p_decoupl,spll_obj-
>sin_2theta);

spll_obj->q_n_decoupl=spll_obj->q_n - SPLL_DDSRF_Qmpy(spll_obj-
>d_p_decoupl_Ipf,spll_obj->sin_2theta) - SPLL_DDSRF_Qmpy(spll_obj->q_p_decoupl,spll_obj-
>cos_2theta);

// //
// Low pass filter //
/)~ //

spll_obj->y[1]=SPLL_DDSRF_Qmpy(spll_obj->d_p_decoupl,spll_obj->k1)-

SPLL_DDSRF_Qmpy(spll_obj->y[0],spll_obj->k2);
spll_obj->d_p_decoupl_lpf=spll_obj->y[1]+spll_obj->y[0];
spll_obj->y[0]=spll_obj->y[1];
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spll_obj->x[1]=SPLL_DDSRF_Qmpy(spll_obj->qg_p_decoupl,spll_obj->k1)-

SPLL_DDSRF_Qmpy(spll_obj->x[0],spll_obj->k2);
spll_obj->q_p_decoupl_Ipf=spll_obj->x[1]+spll_obj->x[0];
spll_obj->x[0]=spll_obj->x[1];

spll_obj->w[1]=SPLL_DDSRF_Qmpy(spll_obj->d_n_decoupl,spll_obj->k1)-

SPLL_DDSRF_Qmpy(spll_obj->w[0],spll_obj->k2);
spll_obj->d_n_decoupl_lIpf=spll_obj->w[1]+spll_obj->w[0];
spll_obj->w[0]=spll_obj->w[1];

spll_obj->z[1]=SPLL_DDSRF_Qmpy(spll_obj->qg_n_decoupl,spll_obj->k1)-

SPLL_DDSRF_Qmpy(spll_obj->z[0],spll_obj->k2);
spll_obj->q_n_decoupl_lpf=spll_obj->z[1]+spll_obj->z[0];
spll_obj->z[0]=spll_obj->z[1];

spll_obj->v_q[0]=spll_obj->q_p_decoupl;

/)= //
// Loop Filter //
/) //

spll_obj->ylIf[0]=spll_obj->ylf[1]+SPLL_DDSRF_Qmpy(spll_obj->Ipf_coeff.BO_If,spll_obj-
>v_q[0])+SPLL_DDSRF_Qmpy(spll_obj->Ipf_coeff.B1_If,spll_obj->v_q[1]);

spll_obj->yIf[1]=spll_obj->yI1f[0];

spll_obj->v_q[1]=spll_obj->v_q[0];

. /7
/7 VCO 7/
. 7/

spll_obj->fo=spll_obj->fn+spll_obj->yIf[0];

spll_obj->theta[0]=spll_obj->theta[1]+SPLL_DDSRF_Qmpy(SPLL_DDSRF_Qmpy(spll_obj-
>fo,spll_obj->delta_T),SPLL_DDSRF_Q(2*3.1415926));
iT(spll_obj->theta[0]>SPLL_DDSRF_Q(2*3.1415926))
spll_obj->theta[0]=spll_obj->theta[0]-SPLL_DDSRF_Q(2*3.1415926);

vspll_obj->theta[1]=spll_obj->theta[0];

3
ISR
Read three phase voltage
values from the ADC
Run ABC_DQO_Pos &
i
Also calc sin /cos (2*theta) EET I
\
| Call DDSRF SPLLrun FUNC
Loop Filter
Calculate sin &cos from
theta generated from the
PLL, Executetherest of the
inverter ISR
Figure 10. DDSRF SPLL Flowchart
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To use this block in an end application, declare objects for the SPLL structure, loop filter coefficients and
notch filter coefficients:

SPLL_3ph_DDSRF splli;

Call the SPLL_3ph_DDSRF_IQ init routine with the frequency of the ISR where SPLL will be executed in
as parameter and the grid frequency and then call the notch filter update coefficient update routine.
SPLL_3ph_DDSRF_IQ_init(GRID_FREQ,_1Q22((float)(1.0/1SR_FREQUENCY)),SPLL_DDSRF_Q(0.00933678),
SPLL_DDSRF_Q(-0.9813264),&spll1);

In the ISR, read the sinusoidal input voltage from the ADC and feed it into the SPLL block; write to invsine
value with the sinus of the current grid angle. This can then be used in control operations.

splll.d_p =abc_dg0_posl.d>>2; // Convert Q24 to Q22
splll.q_p =abc_dg0_posl.g<< 2; // Convert Q24 to Q22
splll.d_n =abc_dg0_negl.d<<2; // Convert Q24 to Q22
splll.q_n =abc_dg0_negl.g<<2; // Convert Q24 to Q22

splll.q_n =abc_dg0_negl.q(&splll);

splll.cos_2theta 1022 cos (1Q22mpy (_1Q22(2), Splll._theta[0]));
Splll._sin_2theta 1022 sin (C1Q22mpy (_1Q22(2), Splll._theta[0]));
//5pll call

SPLL_3ph_DDSRF_I1Q_FUNC (&Splll);

5 Solar Library and ControlSuite™

C2000 provides software for development of control application using the C2000 device. The software is
available for download from www.ti.com/controlSUITE.

Various libraries like the 1Q math Library and Solar Library simplify the design and developments of
algorithms on the C2000 device. The IQ math library provides a convenient way to easily translate the
fixed point tool box code into controller code.

The solar library provides the software blocks and more information that is discussed in this application

report.
SPLL_1ph SPLL_1ph_SOGI SPLL_3ph_SRF
(struct) (struct) (struct)
.sin(6) .sin(B) .sin(B)
”\ | .cos(® 7\ | .cos(® \pff—( 21 cos(®
vin |- /,_ 2\ | .cos(e) Vin |- _/,_ A (6) vq 300 (0)
(6) (6) (6)
wn wn wn
SPLL_3ph_DDSRF MPPT_PnO ABC_DQO_Pos
(struct) (struct) (struct)
Vi
Ve sin@) | i vd
Vag+ - ¢ By Vb d
VAR Vm ® T_*
P \-f}/ .cos(8) A ouF;p Ve IL> Va
Vag- .(8) Ipv -sin(6) Vz
Lt StepSize -cos(d)
Figure 11. Solar Library and ControlSuite
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