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Lec 27: Closed loop control of three-phase AC-DC converter-I1

Hello everyone, welcome to the lecture number 27 of this NPTEL lecture series on charging for
structure and we have discussed some part related to closed loop control and let us continue
our discussion in this lecture as well. So, our control objectives were to regulate the output
voltage to a desired value and at the same time we would like the current which is drawn from
the source to be having a unity power factor So, that means I mean we do not want any phase
angle between the current drawn and the voltage of the AC voltage source. So, this is the

requirement.

Now, in this we have seen that since to have the balanced three-phase operation this

i LT isb + isc = Othat for balanced three-phase operation. not in order to if you would like to

S
if you want to have that then we could not able to control them independently that means if we

are changing the isbvalue automatically i and [ value will change and if you trying to change
the C value isa and iis]ﬂ change and whenever you are changing the isa value isband iSC will

be changing. that is why we need mechanism by which we can make the independent control of
those currents in the three phases and for that we have defined you know we have defined the
space vector which is nothing but a vector which is rotating in a space with the same frequency
as that of the frequency of variation of voltage i mean with respect to time so this space vector is
the vector i the spatial domain that means in the space it is rotating and that speed with which it
is rotating is same as that of the speed with which voltage is changing over the time t and there
we have seen that since the space vector is rotating in a two-dimensional space we need to

provide the representative vector and those representative vectors should be such that they are



90°apart from each other and if they are 90°apart from each other then we can ensure that the
component of the space vector on those representative axes are independent of each other and

then we can control

them or we can change those values those common those representative axis component and
that is when the change n one of the component will not have any impact on the other axis
component. So, to do that we have defined two reference frames and in that reference frame
first one is the alpha beta reference frame which is nothing but the stationary reference frame
and the name itself says that o and B are stationary and so this space vector is rotating however
the o and B components are stationary with respect to this space vector and that's when the
component of space vector on the o axis and on the B axis are actually independent of each
other that means when you are changing anything on the o component there is no impact on the
B component and whenever you are changing the f component there is no impact on the alpha
component primarily because when you take the B axis component onto the alpha axis

component you will do V B or VSB cos 90° because they are 90°apart and cos 90°=0.

Similarly, we have defined another reference frame which is rotating reference frame and why
the name rotating reference frame because we have assumed that that rotating reference frame

are aligned along the space vector which itself is rotating with the speed .

So, that is when the name comes dq d means direct axis q means quadrature axis they are 90°
apart from each other and d axis is aligned along one of the space vectors. And they will be
aligned during the entire operation of the converter or you can say that during the entire line
cycle of the voltage variation or you can say the current variation. So, now we have also taken
at any given instance of time if a,b,c are sampled quantities and sample quantity could be you
know your VS quantity or the supply voltage three phase supply voltages your sample quantity

could be [ . quantity which is the current drawn from the supply and your component could be

v nvwhich is nothing but the voltage which is the applied at the output of the half bridges. And

co
let us see one more example where let's say this is your A axis this is your B axis and this is your
C axis and if you define the o B-axis So, a is along is aligned along the place where you will
have the ‘a’ axis peak and then you have the B component which is 90°for me from it and let's



say the vs vector is somewhere your your VS is somewhere let us define this as Vs let us take

your VS is somewhere here you know and that this is at let's say at given you know let's say this

is 02 which is at given instance time T2 and this rotation is you know the angle at any given

mnstant time T2 this is = 21Tfs

So, now this is let us say this is your VS. So, now let us define our dq component if we try to
define the dq component. Now we know that our d axis component is always aligned across
the along the Vs. So, our d axis component d axis is here and the quadrature axis is 90°. Let us

draw the 90°

So, this is q component and this angle is nothing but 90°. So, this is how in the entire line cycle
this dq axis which are 90°separated from each other will be rotating in the space going from
0°to coming back to the 360°. And this is why it is called as a rotating reference frame
sometimes also called as a synchronous rotating frame because they are also rotating with the
same speed as that of the speed with which the voltages are varying over the line cycle. And
that is when we can define that this quantity. So, similarly following these formulas we can also
define VSO(, I mean the component of VS space vector along the alpha axis VSO( is nothing but

%VS , a which is the sampled a phase voltage value VSB is nothing but you know

3 3
p TVsb — p7VSC where you can say Vsa Vsb VSC are the sample Van(t), Vbn(t), and Vm(t),

one of'the time instance. Similarly, we can define

Vsd= V acoscos® + VSBsinsinG
S

Vsq =V asinsin® + VSB coscos 0
N

s0, we can also sample our this [ it current

sb’ s



we can and then define is alpha to be 3/2 isa is beta to be root 3/2 isb and then minus root 3/2
isc where isa isb isc are the sampled isa isb isc currents and similarly you can also define isd to
be is alpha cos theta and is beta sine theta and isq to be minus is alpha sine theta + is beta cos
theta

Isd= I acoscos B +ISBsinsin6
S

Isq =] asinsin® + ISB coscos 0
S

and then similarly on the same line if we assume the we are applying the L. voltage from the

converter side on the same line we can also write down our v v v and v
conv,a  conv,3  conv,d conv,q

component here 0 is equals to wt where t is the time instant when the samples are taken Now,
let us try to model this converter in the dq axis or in the a 3 axis frame or synchronous rotating
reference frame or stationary reference frame. Now, before that let us try to also define one
more thing in this particular converter we have assumed there is also a small resistance which is
mtroduced because of this winding of this inductor and this is nothing but the series resistance of
inductance caused due to you can say you can say that caused due to winding resistance you
can say winding resistance generally the inductors are bounded over the core so that it has the
winding resistance these values are very small in milli ohms so now let us draw single phase
equivalent of this one so if you draw the single phase equivalence of this so what we have is

again in fundamental frequency terms fundamental frequency.
So, what we have is we have Vs(t), we have LS or we have L and we have RS and then on the

other side we have applying vconv(t). and there will be the current is of t current which is being

drawn from the source i mean obviously for the fundamental frequency component so now using
this let us try to draw you know in the vector terms let us try to draw this one in the vector terms
we can say this is nothing but the vs space vector we have 1 this is rs and then this is another

thing which is v_ space vector and then you have is space vector now this space vector this vs
sv is actually the combined effect of all the three phases which we are talking about So,

now what we have is, let us try to draw using this thing. So, what we have is we have alpha axis,

we have beta axis, which 90° from each other.



-

So, we have a 3 components, and then we will define our space vector VS. Let us say at some
angle, which is angle theta, let us say this is a theta angle, which is being drawn. And we know

that we have v space vector, Vs space vector, and we have Is space vector. We have these

three quantities which we have to draw. So, let me define this: the d-axis is placed over here,
and we have, you know, our g-axis. which is placed over there, and these two are 90° from

each other.

So, we have taken, we have aligned our d-axis along this VS because we know that the

supplies, I mean, a, b, ¢ phase voltages which we apply are the ones which are constant in a

system. However, this IS, I mean, the current which is drawn from the source depends upon the

operation of this converter, and the vcoanhiCh is applied is again dependent on the operation of

the converter. It's only the V_space vector which remains mostly constant and mostly fixed over

the operation of the converter since they are the supply voltages, and we assume the supply
voltages will be having balanced operation as well as the RMS values and peak values will be

constant over the line cycle. So, it is one of the things with which we can take the reference. It
has minimal deviation, so that's why we have aligned our d-axis along the 175 space vector, and
that's when we define our g-axis perpendicular to that. So, that means if we make this
d-component align along these 175 space vector, then we can ensure that the component of 175

space vector along the d-axis is non-zero.

However, the component of VS space vector along the g-axis is zero, and that is when if we can
ensure that this Vsq = 0 is zero, that is when we are ensuring that our d-axis is aligned along the

space vector Vs. Now, this space vector is at angle theta and which is defined as wt. And let us

define our v space vector. Let us define that v space vector at some angle. Let us define
this as v space vector, and that is, let us say, at angle A. I mean, this could be this side; this

could be another side.



I mean any side it could be. In general, let us define this as at an angle delta. Similarly, we can
also define you know space vector is or the current which is drawn from the source. So, this is
space vector will be let us say define it as let us say here. However, we would like to ensure that

is vector to be aligned along the VS but for a general case. Let us say this one is at @ angle at

some point of time, let us take this we have some phase angle however this this is not we want
to do in our operation but for general case let us define one quantity @ which is a phase angle

between is space vector and the VS . Now, if you look very carefully in this particular space

vector diagram, let us try to find out the alpha beta components and the dq component and that
is when we can define our models in the dq axis frame and a 3 axis frames. So, let us try to

write down the VS , In dq axis terms. So, we can define I mean for dq plane or dq axis plane we

can define my Vsp § is nothing but component of along the d axis the component of Vs along

haso
the d axis +. Since this two d and q are 90 degree apart from each other so we will write j, 0, j
corresponds to 90°. So, there is no Vsq component because our Vsq component is equals to 0.

Why I can say q component is 0? As the VS is aligned along d-axis. During operation, we will

ensure that this dx is aligning along the space vector Vs. Now, let us try to write the Vs space
vector in terms of polar formation.

So, it is magnitude of VS raised to power 0. So, modulus is nothing but you can say modulus

v|=v. +v."
s sd sq

which is 0 under root. And there is since there is no Vsd vector. So, we can say it is angle 0
with respect to d axis. Similarly, we can write o 3 frame.
We can write this is also we can write I mean plain you can say dq frame to be more precise.

So, for alpha beta plane, we can write VS = |vS | So, the magnitude will remain be the same

of this vector because we have seen in the 360 period the magnitude of this 175 will remain be

the same so the amplitude will remain be the same however the angle to which this o 3 axis
away from this dq is there. So, we will represent since we are representing with respect to alpha
beta plane it will be e raised to power j theta and that 8 comes from the angle between dq. So,

whatever my Vs , component is there, I will just take VS , component cos theta to get the Vm



component and vV _component sin 6, I will get the V. B component. However, there is no Vsq

component, so that is 0.

Now we can also define for another quantities in the same line we can define our is space vector

to be modulus is e raised to power you know the angle with which it is with respect to

-

dq = j@ . Similarly, we can write v =\

nv

, and ‘e’ raised to powerjA.
conv

Similarly, for a 3 plane we can write 15 to be modulus is ‘e’ raised to power it is from o 3 it is

j(6+ -
e/( ?)

0+ @, so . And we can say v to be|vwnv|, You can say angle wise if you see it is

6 + 6.So,1tis 0 + 6.

= [

—

i(0+6
e}(+)

conv

conv

And this is the way by which we can move from one frame to another frame and from another
frame to that frame. And if you look very carefully, the magnitude of the space vector is not
changing. The amplitude will remain the same. However, the angle for those frames will be
different. So here, if we take the a 3 plane, we can say, for example, if we writeISa , it will be

nothing but the modulus of [ SCOS(G + @), and I can write the B component / s to be the

magnitude oflssin(e + 0).

So, those sine and cosine terms will actually give you different values. And now, using this
representation, let us try to obtain the single-phase equivalent circuit model in the alpha-beta and
dq frames. Because if we model that circuit in the alpha-beta frame and dq frame, we can
obtain the a, B, d, and q components of currents and then control those components

independently.

So, let us try to write down our equations first in the stationary frame, and then from the

stationary frame, we will move to the rotating reference frame. So, let us try to write down the



circuit model in the a 3 stationary frame. So, if we apply KVL, it is nothing but, you know, we

can write the

- i0
V=veé
N S
[ = |I |ej(e+(2))
S S
- _ ej(6+6)
conv conv
. . . (046
ve= Ldi|1 |e](e+®) + R|I |e](e+¢) + |v A (1)
s t] s s conv

So, this we got our a [ stationary frame. now let us move this term to the dq rotating frame so
let us write dq rotating frame or synchronous rotating frame. Let us write now this we will get let
us say this is the equation number one this we will get by multiplying equation number 1 by
because what we are doing we are just shifting that a 3 frame equation to the dq frame equation

and that we will get by subtracting the angle 0 in all the vectors, so all the angles correspond to

the vectors are subtracted by angle 6. So, we will get it by multiplying equation 1/ e’

Ve e Py Pyl =y

S S N N

vV eje. «3_je = e_'e[L%|Is|ej(9+®) + R|Is|ej(e+®) + (v

N

j S
G ]

conv
d j(6+0)\ -6
L—- (|Is|e )e

j(6+p) —j6 jo
e . e =e€

R|1 [¢.e7" = R|1 |

j(6+8) —jo
eJ .e =

jo

conv conv

Vse0 = [L%(|IS|ej(eJrQ)))e_je + R|Is|ej6 sl

| @)




and this one, this can be easily come inside the bracket. So, that will become modulus Is e
raised to power j theta. theta + phi minus theta. So, that will be j phi + E converter E power.

See, these are the exponential, you know, this angle term.

na j(0+0-6) _ jo

L= e =

So, they will be just multiplication will be added. So, (6 + @ — 8). So, that will be just 6.
And now, if you look very carefully at equation number 2, okay, this is the term which has to be

.. o d
further segregated because this is not nside the —-term.

This is the term which is actually varying with time. It has the magnitude along with this, and it

has the angle term. We know that this angle term, this 6, changes with time because we know

do

that our - = w.

. . . . . . . —jo
So, that term will come into the picture. So, that is why we just cannot take directly this e !

mside. So, let us represent this term in some other way. So, let us try to write down these terms
o . . e . d; —je
in this way, this particular term, simplifying this term. So, for that, let us take one term L —>e /
This we are taking now. This term now we can define this term to be u and this term to be v. So
now there are two terms, and both the terms are dependent on time, so we will use the
differentiation of the product of the terms. So what we will get is we will get L coming out first.
You write d by dt e power theta + phi. And this is € power minus j theta + ¢ power j theta + phi
to d by dt of e power minus j theta.

L%(|Is|ej(e+®))(:'_je

Now, this term, if we see here, we can write this one as, you know, let us take the next exercise,
which is L d by dt. theta + phi and theta are to be equal to, we can take L. We take this one out

L diby is e power e power j theta + phi e power minus j theta + e power j theta + phi.
d j(6+0)\ —jo d
L F( e )e = [L (

I ra
Now we can write

I|e

N

0 j(6+@) a —jb
+ |Is e FG‘ ]

j(9+(2>))e—j

N



T ac ) ar = @

d _—Jj8 e—jG _,d8Y\ do _
dt

Now this, when we put this eq. (1) here, we will get

LT —— j e
dt =

and here again (I) is come inside will come inside. This will be there now. This we can rearrange
this term and this term, so what we will get (1),

This will go that side is nothing but L modulus of Isej space vector e power j. Now this we can

take it inside j theta Phi minus theta. +, because it is inside the bracket, we can take before that
we have just represented in this manner, and this goes there so that will be 1 is e power j theta +
phi minus theta because this this will go inside the this one into w and that we can say lis e
power j theta + phi, minus theta is nothing but 1so phi is € power j phi + 1 w.

L%(|Is|ej(e+®))e—j9 _ L%(|Is|ej(e+®_e)) n jLw(|Is|ej(e+®—e))

L%(|15|ej(e+m)e_je = L%(|Is|ej0) + ij(|15|e”’) (3)
®+0-0=090

This 6 will get cancelled only @ is em. And if we look very carefully, this is nothing but equation
3. So, put equation 3 in 2.

v
conv

VSeO= [L%(|Is|ej0)+ RJL“’(|’S|QM) n R|15|ej9 + ejs] %)

I

N

jo . o :

e = |Is|cose + ]|Is|sm6—15d +]15q
Jje_ _

Ve + 0,V = |VS|cosO)

Similarly, we can write down for

j5_ . . o .
v |e —|vcmw| coscos (6 + j) + RS]|vconv|sm8 =v + jv

conv,d conv,q




So, this we can see. This v if we take the v_component, let us take the red color, so if
we take this this, you know, this v, thisis but v ,d component is nothing but |v |6058,
conv conv conv

and this will be taken on Q component.

So, this is nothing but v over q component, and that is nothing but magnitude of

- -

v sinsin 6 and that is what we have written over there. v sin sin § is nothing but v
conv conv conv

,q component. So, now let us take this particular equation, equation number 4, and try to write
it down in terms of D and Q components.

V., +j0 =L (1 + I )+RgiLa)(Isd+jISq)+(v

+ ] vconv,q)

conv,d

Vo, +j0 =Ll + jLg 1 +RI +RjI +v JV e T ILOL = Lol

conv,d conv,q

) . . 0 .
And since this d and q axis are 90 apart from each other, so we can separate out this d
component and q component, d axis component and q axis component to get the d axis model

and q axis model.

So, then we can write, we can separate out real and imaginary part. When we separate our real

and imaginary part what we will get with just the real part

_ 7. 4a _
Vsd =L dt Isd + Rslsd + vconv,d Lw[sq

similarly, imaginary part
— 74
0=1L Isq +RI_+ Vo + Lol
what we can do is we can rearrange this term. actually get so if you rearrange this term so it is
the Y oo, and q converter which you are applying so when we write down these things what we

will get is you know L—I +RI 1f we take to the other side — Y onvd + Loolsq and+ vst

and similarly L — I + R I that is nothing but minus — v, — Lu)ISd.

conv,gq

Now if we look this one this is nothing but the d axis model and this is nothing but the q axis
model. These two parts. And here we are applying the, you know, the voltages across the L



and RS. And what we see is that in the d axis model, all the terms are d axis except one term,

which is this one.

And that is the cross coupling term. Similarly, in g-axis model all the components are q
component except this term which is the cross-coupling term. So, then whenever we are making
the closed loop control we must ensure that this cross coupling term need to be properly
managed uh we will discuss that when we discuss the closed loop control but what you see is
that we have derived the two axis model where we are applying two voltages from the you
know we are applying the d-axis we converted d-axis and we have the supply voltage vhd
along the In rs along the mductor and resistance while in the g-axis we are applyng q
component of the converter and the q component of vs space vector is zero so what we see is
that we will define the two axis model and now in this one if we are changing this isd there is no

immpact to we see on the isq and if we are changing the isq there is no impact on g because this

. . 0
isd and isq components are 90 apart from each other because these are component of

. : 0
current space vector along the d-axis and g-axis so they are 90 apart from each other because

d and g-axis are 900apart from each other and then when you are changing the isd component
there is no mmpact you will see in the isq component and whenever you are changing the isq
component there is no impact you will see on the isd component and that's when we can get
two independent circuit models which is d-axis model and g-axis model And then we can then

control this v along the d axis and v along the q axis and thus you can able to control the

IS 4 and Isq and this control is independent of each other because d and q are 900apart from

each other. So, with this we will get the independent control over the you know two phases you
can say two two different axis we can get the independent control on two currents and those
two currents which is isq and isd and v converter d and v converter q is actually derived from
the three phase quantities and if we are controlling this two phase quantity then accordingly my
three phase quantities will be changed and in the the main advantage what we will get is in the d
and q axis we have independent circuits so we can control them independently and that's when

in the three-phase system we will reflect that independent control in the three-phase by making



sure we have the you know the balanced three-phase operation and because we have derived

the q and d components by assuming that we have balanced three-phase operation.

So this d and q axis component whenever we are controlling independently it will actually reflect
onto the three-phase quantities in the equal proportional and that's when you can do the
ndependent control on this and we will discuss more inference what we get coming out of this
derivation in the next class because that will clear your understanding about how we can do the
independent control and how we can say they are independent of each other there is small cross
coupling term but this terms can be eliminated in the terms of feed forward terms when you are
doing the closed loop control we will discuss those things in the next class so here i this
particular lecture we have derived two axis model and d axis model and q axis model and those
two axis models are quite independent of each other because the quantities which are used here
are independent of each other in both the circuit models and that's when the circuit models are

independent of each other we will discuss this in further detail in the next lecture thank you



