University of Wisconsin Milwaukee

UWM Digital Commons

Theses and Dissertations

May 2017

Theory, Simulation, and Implementation of Grid
Connected Back to Back Converters Utilizing
Voltage Oriented Control

Sean C. Cunningham
University of Wisconsin-Milwaukee

Follow this and additional works at: https://dc.uwm.edu/etd
b Part of the Electrical and Electronics Commons

Recommended Citation

Cunningham, Sean C., "Theory, Simulation, and Implementation of Grid Connected Back to Back Converters Utilizing Voltage
Oriented Control" (2017). Theses and Dissertations. 1460.
https://dc.uwm.edu/etd/1460

This Thesis is brought to you for free and open access by UWM Digital Commons. It has been accepted for inclusion in Theses and Dissertations by an

authorized administrator of UWM Digital Commons. For more information, please contact open-access@uwm.edu.


https://dc.uwm.edu/?utm_source=dc.uwm.edu%2Fetd%2F1460&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd?utm_source=dc.uwm.edu%2Fetd%2F1460&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd?utm_source=dc.uwm.edu%2Fetd%2F1460&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/270?utm_source=dc.uwm.edu%2Fetd%2F1460&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd/1460?utm_source=dc.uwm.edu%2Fetd%2F1460&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:open-access@uwm.edu

THEORY, SIMULATION, AND IMPLEMENTATION OF GRID CONNECTED BACK TO BACK

CONVERTERS UTILIZING VOLTAGE ORIENTED CONTROL

by

Sean Cunningham

A Thesis Submitted in

Partial Fulfillment of the

Requirements for the Degree of

Master of Science

in Engineering

at

The University of Wisconsin-Milwaukee

May 2017



ABSTRACT

THEORY, SIMULATION, AND IMPLEMENTATION OF GRID CONNECTED BACK TO BACK
CONVERTERS UTILIZING VOLTAGE ORIENTED CONTROL

by

Sean Cunningham

The University of Wisconsin-Milwaukee, 2017
Under the Supervision of Professor Adel Nasiri

This work presents a back to back converter topology with the ability to connect two
power systems of different voltages and frequencies for the exchange of power. By utilizing
indirect AC/AC conversion decoupling is achieved between the power systems with one of the
three-phase, two-level voltage source converters performing the AC/DC conversion that
maintains the required DC bus voltage level at unity power factor while the other converter
operates in all four quadrants supplying/consuming active and/or reactive power with the
other power system. The prototype implementation resides at UW-Milwaukee’s USR Building
microgrid test bed facility. A possible application topology would be the converter that
maintains the DC bus voltage to be connected to the microgrid’s electrical bus of distributed
energy sources while the other converter is connected to the utility in order to supply the

required active and/or reactive power to support the needs of the grid.
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1. Introduction

The purpose of this project is to connect two power systems of different voltages and
frequencies for the exchange of power. An example of such an implementation could be the
electric utility and a microgrid. The thesis project implementation resides at UW-Milwaukee’s
USR Building microgrid test bed facility. With indirect AC/AC conversion between the two
power systems there is a DC bus that connects two converters that perform the AC/DC and
DC/AC conversions. The benefit of indirect AC/AC conversion is the decoupling between the
power systems while the disadvantage is the requirement of energy storage devices needed in
the DC bus [1, p. 128]. One of the three-phase, two-level voltage source converters performing
the AC/DC conversion maintains the required DC bus voltage level at unity power factor for the
power system. The other two-level converter operates in all four quadrants
supplying/consuming active and/or reactive power with the other power system. The
designation of the converter type for the utility and microgrid is application specific. A possible
topology would be the converter that maintains the DC bus voltage to be connected to
microgrid’s electrical bus of distributed energy sources while the other converter is connected
to the utility in order to supply the required active and/or reactive power to support the needs
of the grid.

2. Background and System Architecture

The AC/DC conversion that occurs between the power system and the two-level voltage
source converter can be modeled as two AC voltage sources in Figure 1 by omitting the voltage
harmonics produced by the converter other than the fundamental frequency of the power
system. The amount and direction of active and reactive power can be controlled between two
voltage sources by controlling the amplitude and phase angle of the voltage drop across the
reactor. The leading voltage source will supply active power while the higher amplitude voltage
source will supply reactive power [2, pp. 184-185].

Figure 1 - Single-Phase Representation of Complex Power Flow



The converter operates in rectifier mode of operation when active power is supplied
from the power system to the DC bus. By supplying active power from the power system to the
DC bus the capacitor is charged and the DC bus voltage increases functioning like a boost
converter. The converter operates in inverter mode of operation when power is supplied from
the DC bus into the power system. By supplying power from the DC Bus to the power system
the capacitor is discharged and the DC bus voltage decreases functioning like a buck converter
[3, p. 225].

The “PQ” converter supplies/consumes active and/or reactive power by the use of open
loop control by commanding the desired active and reactive power references. The “vVDC”
converter maintains the DC bus voltage with the use of a feedback control loop referred to as
the voltage controller which measures the difference between the desired DC bus voltage and
the voltage measured across the capacitors of the DC bus. In addition to the “VDC” converter
controlling the direction of active power, unity power factor of the power system is also
achieved by controlling the reactive power.

2.1. Space Vector Modulation
The linear region of sinusoidal PWM that can be achieved at the output of the converter for
a modulation index when m, <1 would not allow the converter to deliver reactive power to

the grid without going into overmodulation, the nonlinear region of sinusoidal PWM, unless the
DC Bus level was raised to a substantially high level. Higher DC bus levels increase the stress on
the converter’s IGBTs due to the increase in the switching losses, so it is advantageous to keep
the DC Bus voltage level as low as practicable [1, p. 348]. Operation in the overmodulation
region of sinusoidal PWM is undesirable since it causes an increase in the sideband harmonics
generated by PWM [4, p. 208] as well as the introduction of nonlinearity into the current
controller [1, p. 336]. Double-edge symmetrical regular sampled space vector modulation was
chosen so the converter operates in the linear region when reactive power is desired to be
delivered from the converter to the grid making the best utilization of the DC Bus.

NA

~0.612m,V,. *-m, <1.0

3 Vv,
SPWM Converter Output Fundamental Line Voltage = (iJ[ma %) [volts rms] (1)

3 V.
SVM Converter Output Fundamental Line Voltage =[£j(ma ﬂj [volts rms]

G\

~0.707m,V,, "+ m, <1.0

a =

(2)



2.2. Vector Control

In order for the voltage source converter to consume or supply active and reactive power as
needed a control scheme with high dynamic performance must be implemented for control.
Vector control methods are based on the system dynamic model rather than scalar control
methods which are based on the system steady-state model [3, p. 931].

2.2.1. Voltage Oriented Control and the System Dynamic Model

The vector control scheme selected is known as Voltage Oriented Control. VOC was
chosen for simplicity in the selection of the input filter due to a fixed switching frequency. The
disadvantage of this scheme is that it requires coordinate transformation from the three-phase
stationary frame (known as abc or natural frame) to the synchronous frame (known as dg,
direct-quadrature rotating frame), an internal current feedback loop (known as the current
controller), as well as the decoupling between the active and reactive components [5, p. 457].

Figure 2 - One Line Diagram Representation of Converter, Impedance, and Grid

O=vy—vy—v, 3)

g
Figure 2 results from the substitution of an ideal voltage source converter in place of a voltage
source from Figure 1. Equation (3) is the result of applying Kirchhoff’s Voltage Law to Figure 2.
Figure 3 is the representation of Figure 2 but represented in terms of resistance and
inductance.



Figure 3 - One Line Diagram Representation of Converter, Impedance, and Grid

di

_pj g
Vg~V =Rig +LE (4)

Equation(4) is the differential equation that represents Figure 3.

fio

+ ic c
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R Rt T

Figure 4 - Three-Phase Representation of Converter, Impedance, and Grid
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ga ca ga d ga
ng - va :R Igb + LE Igb (5)
Vgc vCC ’gc ’gc

Equation(5) is the abc three-phase stationary frame representation of equation(4).



% % i i

ga ca ga d ga
VgC VCC igC igC

v v i dli
ga _|: CC(:| — R 'ga + L— 'ga (7)
Vgs | | Ves Ig6 dt| 4
Equations (6) and (7) are the result of the coordinate transformation from the abc three-phase
stationary reference frame to the off two-phase stationary reference frame. This is done by

multiplying the voltages and currents by the matrix M; found in Appendix B: Coordinate

% % i i
M,| —Mz[ Ca}=RI\/IZ g +LMZi g (8)
Vg6 Veg lg6 dt| lge

v v i i 0 -1
Vag | [ Yeq lgq dt| lgq 1 0 /g

Equations (8) and (9) are the result of the coordinate transformation from the af8 two-phase

Transformations.

stationary reference frame to the dq synchronous reference frame. The wLi, term is a result of

the coordinate transformation due to the derivative term [6, p. 147] with the derivation found
in Appendix B: Coordinate Transformations.

vy <RI +1 00y (10)
Vg —Veqg =Rigg + ™ wligg
di
— pj 99 :
Vgg —Veg =Rigq +LW+legd (112)

Equations (10) and (11) are the result of separating the dg synchronous reference frame
equation into separate equations.

digg . .
d—i = (vgd —Veg —Riyq +wL/gq)/ L (12)
di
99 _ - -
e (ng —Veq —Rigq —a)L/gd) /L (23)

Rearrangement of equations (10) and (11) into equations (12) and (13) leads to the conclusion
that the derivative of either axes current is cross-coupled with both the d-axis and g-axis
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currents. To simplify the controller design decoupling between the d-axis and g-axis
components must be achieved as unsatisfactory dynamic performance would otherwise result
[6, p. 147].

ng_VCd =(SL+R)/gd—a)ngq (14)
Vg —Veg = (SL+R)igy +ligy (15)

Equations (14) and (15) represent the Laplace transformation of the synchronous frame
equations (10) and (11) to move from the time domain to the frequency domain. Analysis in
the time domain would present difficulties since the equations are non-linear.

igg =(Vgg —Veg +@Ligg) [ (SL+R) (16)

igg =Waq —Veg —@liyzg)/ (SL+R) (17)

Equations (16) and (17) represents the transfer functions of the system model that will be used
in the inner current controllers.

2.3. Current Controllers

The current control methods for the voltage source converter can be generalized as
either an on-off controller where the controller and modulation are combined or a controller
with an open-loop PWM block. With an open-loop PWM block there are many different types
of linear controllers that can be implemented such as proportional-integral, state feedback,
resonant, and predictive as well as the additional benefit of utilizing many different types of
open-loop modulators such as sinusoidal PWM, space vector PWM, and optimal PWM since the
compensation for the current error feedback and the voltage modulation are separate parts [5,
p. 116].

2.3.1. Proportional-Integral Controller Model

For the PI controller, the proportional gain provides the high-frequency response while
the integral gain ensures the output corresponds to the set-point in steady-state [7, p. 67], [8,
p. 37]. The conversion of the Pl controllers from the time domain to the frequency domain are
represented in (18) and(19). In order to account for the difference in the desired and actual
current a voltage reference is requested for the voltage source converter to generate [5].



de :Kp,c (Igd _igd)+Ki,c J‘(Igd _Igd)dt

* . ) Ki,c(igd_igd)

:Kp,C (Igd _Igd + S (18)
* 1+sT; K
~ipd ~iga )| Kpe o |-+ Ty =25
gd gd) p.c ic
( STi,c ] Ki,c
ch:KPC(’gq_igq)+Kicj(igq igq)dt
* KiC(i;q _igq)
K, (50t ) (19)
( * )( 1+sT; . J p.c
oo —i ==
g9 99 p.c ic
STi,c ic
The transfer functions of Pl controllers can be represented in the following forms in
equation(20) and the derivation between the different forms can be found in Appendix D:
Proportional-Integral Controller Forms.
K, . 1+sT, (1+5K’”] K
. +sT. .
G, =K, +—L=K L=K, LT =L 20
proP s P T ! s 'K (20)

2.3.2. Converter Model

The worst case execution time of the voltage source converter’s computational device is
represented in (21) as the sample period. The statistical delay of the modulator for the voltage
source converter is represented in (22) as the average time required for the ability to generate
the desired voltage [1, pp. 317,351], [9, pp. 118-119].

Tmp =T (21)
T, =Tmp +Topwn =1.57; (23)

The voltage source converter transfer function in (24),(25), and (26) is modeled as a first order
low pass filter with a bandwidth determined by the sum of the delays in (23) and gain due to
modulation technique chosen [5, p. 147], [8, p. 35].



K

_Td
Geonverter =1io:.,\./ ~Keon € ’ (24)
d

Kconv *
v, =—9 (25)

“@ 4T,

Kconv *
V., =———V 26
9 14sT, (26)

The cascaded representation [8, p. 17] of the Pl Controller and voltage source converter
transfer function is represented in (27) and(28).

Kconv (* . ) 1+5TiC
Vg =—1_4—1I K, —=— (27)
@ 1qsT, V90 ) TPE ST
>
Kconv (* . ) 1+5Tic
v, =—LW (j | K, —— (28)
cq 1+sT, 99 'gq )| “pc ST,

*
Ve

2.3.3. Feedforward and Disturbance Decoupling

By rearranging (14) and (15) the system transfer function can be represented in (29)
and(30). Using rules from the block diagram representation of cascaded transfer functions [8,
p. 17] the negative unity gain (inversion) indicated in the leftmost part of (29) and (30) can then
be rearranged to reside on the output of the Pl Controller transfer function. To achieve a
controller design with decoupling the unwanted the d-axis and g-axis current components in
the system transfer function should be treated as disturbances with the inverted d-axis or g-
axis component added to the output of the Pl Controller transfer function. This cancels out the
effect of the d-axis or g-axis current disturbance represented in the system transfer function
which can be derived using Mason’s signal flow rules [8, p. 134]. Since the d-axis and g-axis
grid voltage components from the system transfer functions are known, the feed-forward
technique can be used to add this information to improve the command response of the
current controller [8, p. 145] thereby allowing the voltage source converter excitation to
respond only to corrections required to meet the desired d-axis or g-axis current reference.

— (Veg —Vgg — @Ligg) =(SL+R)igy (29)

inv



— (Veg —Vgq +@Ligg) = (SL+R)ig, (30)

inv

* * A 1+ ST,- ¢ .
Veg = — (Igd —/gd) Kp e +ligg +Vgqg (31)
inv Slie  J—rn——
! Decoupling &
Pl Output Feedforward
* * i 1+ STI- ¢ .
Veg = ~ (’gq _’gq) Ko —@ligg +Vgq (32)
inv Slie  J—r—
! Decoupling &
Pl Output Feedforward

2.3.4. Anti-Aliasing Filter Feedback Model

For the feedback model in the non-unity closed loop transfer function of the current
controller a multiple feedback 2" order, low pass analog filter implemented on the current
measurement is modeled as a 1*' order low-pass filter using the cut-off frequency of the 2"
order MFB filter [8, p. 29]. The filter helps in reducing gain near and above the resonant
frequency while the cost is the phase lag it introduces and subsequently the reduced phase

margin.
1
Gfeedbacki = (33)
’ 1+sTaaf
7-aaf :27Z-fcut—off (34)

2.3.5. Per-Unit Representation

For simplification in the controller tuning methodology and selection of components
(35) and (36) show the conversion of the d-axis and g-axis system transfer functions (14) and
(15) to per-unit representation using Appendix A: Per Unit Values.

Vb (ng,pu - Vcd,pu ) = (SLpuLb + Rpuzb )igd,pulb - a)pua)pruLbigq,pulb

sL / L,,Z /
pu ; b pu©h |. b
v -V =Z +R,, |i ——(a) a)) — i = (35)
gd,pu  Vcd,pu b[ o, pUJ gd,pu v, pu™b o, gq.,pu v,
sL
_ pu . ,
Vad,pu ~Ved pu _( o +RPU]IQO/,PU ~Lpulgq,pu
b



Vo (Vg0 —Veapu ) = (SLouls +RouZb )igq pulb + Bousloulpid pulb

sL / L Z /
pu ; b pu<h |. b
v —v_ =7, —PL+R_ | —+(a) o, ) LU PR (36)
gq.pu - “cq,pu b[ @, pUJ gq,pu v, pub @, gd,pu V,
stu ] ]
Voq,ou ~Veg,pu = o, +Rpu |igg,pu t Lpulgd pu

Equations (37) and (38) represent the conversion of the converter transfer function gain to the
per-unit representation dependent upon the applied modulation technique chosen for the

(s

voltage source converter.

Kconv,spwm,pu = v,
ﬁ ﬁ m 2vadc,pu
B2 2
= (37)
7
=1m,=1, Vdc,pu =1
V2 (vd]
3 2
Kconv,pu = V—b
ﬁ m 2Vdec,pu
G 35)

Vo

2
:E'.'ma = 1, Vdc,pu =1

~1.1547

2.3.6. Block Diagram Representation of Transfer Functions

The combination of generic controller, converter, system, and feedback blocks is
represented as a closed loop feedback diagram as shown in Figure 5. By substituting the
respective d-axis and g-axis transfer functions for the controller, converter, system, and
feedback into the blocks of Figure 5 the resultant Figure 6 and Figure 7 then represent the
decoupled d-axis and g-axis current controllers for the voltage source converter. For
development of the tuning method used on the current controllers Figure 6 and Figure 7 are
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then simplified to Figure 8 and Figure 9 to represent the decoupled d-axis and g-axis current

controllers in per-unit represent

ation.

Gp/ant

+ Gcontro/ler
Ysetpoint —p error, W > Gconverter > Gsystem >y
Y G feedback <
measured
Figure 5 - Typical Closed-Loop Feedback System
G feedforward
Gc ,controller Vad.pu | Geonverter
*
P - —error |, 14T | Vea pu” YT q K conv,pu o
gd,p » O PRpc N 7 gd,pu
- sTi ¢ Ay 1+sT, i
Louigq,pu pu'gq,pu
G feedback
1
i 14574
gd,pu,measured

Figure 6 - Decoupled Current Controller (d-axis)
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G

plant
G feedforward Gsystem,L
¢ controller Vaq.pu | Geonverter Vaq,pu 1 |
* | |
J* + _error. K 1 +5Ti,C Veg,pug Sl KCOHV,IJU ch,pu+ sl Lini
igq,pi®) »Kpc : g pu_ [ Plgq,pu
9a.pu_ © ST, — | 14sT, Rout—— |
ic A- d A P |
Louiga,pu Lpulgd,pu ‘
G feedback
1
—_— |d
. 1+ STaaf
)
gq,pu,measured
Figure 7 - Decoupled Current Controller (g-axis)
Gp/ant
G G Gsystem,L
c,controller converter 1
*
h + error 145Tic| Veapul | Keonvpu| Ved,pu Sl ‘ ]
d, p.c pu »lgd,pu
gd,pu’_ sTi. | 1+sTy Rout
b
G feedback
1
<
. 145754
’gd,pu,measured
Figure 8 - Simplified Representation of the Decoupled Current Controller (d-axis)
Gp/anl’
G
system,L
Gc ,controller Gcon verter 4 1
*
PR error 1+8Tic| Vegpu' | Keonv,pu| Veqpu Sl L
l9q,pu P T 1+sT R 4 Py > gq,pu
_ ic 3 +S d pu o
b
G feedback
1
. 1+5Tq0f
! d
gq,pu,measure

Figure 9 - Simplified Representation of the Decoupled Current Controller (g-axis)
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2.3.7. Modulus Optimum Tuning of Current Controller

Each block in the closed loop current controller contributes phase lag and gain to the overall
response. When 180 degrees of phase lag is introduced into the controller, positive feedback
will result. With positive feedback and unity gain through the loop the control system is
classified as unstable. Finding the optimal values for the Pl Controller parameters will mitigate
this and other unstable scenarios for the control system. An optimization method is a robust
technique for determining Pl controller parameters. By utilizing the magnitude optimum tuning
technique a frequency response of the current controller’s reference to actual output will be as
close to unity as possible for low frequencies [7, p. 166].

By evaluating the product of the forward path and feedback transfer functions of Figure 8 or
Figure 9 results in the current controller open loop transfer function as in (39) [10, p. 6.6].

Gcc,OL =G G

converter Gsystem L G feedback,i

1

—| Kk 1+$Ti,c Kconv,pu Rpu 1 (39)
Pe ST, 1+5T, )| 14T, || 1+5T 4

pi,c

ic

~| K 1+ STi,c Kconv,pu Rpu
POsT o N\ 14Ty +To) )| 14T,

The system inductance is dominant pole. The poles introduced by the converter and feedback
transfer functions are considered minor and are therefore approximated in the open loop
transfer function with(40).

Ta = Td +Taaf TL > Td &Taaf (40)

The magnitude optimum utilizes the dominant pole cancellation technique to mitigate the
effect of the pole introduced by the system inductance with the zero of the Pl controller
with(41).

T,

; ¢ =T, " dominant pole cancellation (41)

Following the design procedure for magnitude optimum by evaluating the structure of (39) the
proportional gain is specified in(42) [7, p. 171].

RpuTL

K p,c magnitude optimum ~ 27.0K— (42)

conv,pu
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Substituting (41) and (42) into (39) results in the simplified open loop current controller of(43).

1

2T,
Gcc,OL = :

“i1esTy) “3)

The closed loop current controller found in (44) when algebraically reduced can be recognized
as the standard form of a second order transfer function depicted in (45) when ignoring the
zero introduced by the feedback transfer function.

G, .G G

pi,c- converter™ system,L

Gcc,CL =

1+ Gpi ,chonverteerystem,LG feedback,i

=(Kp,cKconv,pu] 1+STaaf (44)
TaTLRpu s 1 +5Ta + Kp,cKconv,pu
T TaTLRpu

a

(Kp,cKconv,puJ 1+5Taaf
2

TaTLRpu pean i s+ Kp,cKconv,pu
P T, sTaTLRpu

_\_f—/

20w, o

2

@
Standard Form 2nd Order Transfer Function :2—”2 (45)
s*+2¢w, + i,

The response of the standard form of a second order transfer function can be classified as
overdamped, critically damped, and underdamped with @), referred to as the undamped

natural frequency and £ referred to as the damping ratio in (45) [10, p. 7.8]. A fast dynamic

response for the current controller is desirable so (44) will reflect an underdamped second
order transfer function. By using (46) a desirable phase margin and percent overshoot can be
found for an underdamped second order transfer function.

0< ¢ <1, the resulting oscillatory system response is underdamped

k=y1-¢?)

46
Phase Margin =tan™* (g” / k) (48]

Percent Overshoot = e "/

By choosing the damping ratio defined in(47), as the modulus optimum method does,
the underdamped response will provide the optimal rise and settling time for a low amount of

14



overshoot for the response of a second order transfer function. A larger damping ratio would
negatively impact our settling and rise time, but reduce the overshoot. A smaller damping ratio
would negatively impact the overshoot and settling time, but positively impact our rise time
[10, p. 7.9].

¢ =0.707 (47)

By rearranging the characteristic polynomial equation of (44) the relationships in (48) and (49)
are found.

1
@, =—— (48)
20T,
K, K
(0,27: p,c™conv,pu (49)
STaTLRpu

By substituting (48) into (49) the relationship for the proportional gain is defined in (50) for a
particular damping ratio and control system parameters.

_ RpuTL
4L°T K

conv,pu

K

. (50)

By substituting (50) into (44) the closed loop current controller can be further simplified to (51).

1 +sTaaf
4L°T2s% +AL°T s+1

Geeor = (51)

2.4. Voltage Controller

The voltage source converter that maintains the DC Bus level is designed with multiple
loop control [11, p. 16.24]. The voltage controller is the outer loop with the tuned current
controller residing within. From the perspective of the voltage controller the inner current loop
acts as a low pass filter [8, p. 52].

2.4.1. Proportional-Integral Controller Model

The conversion of the Pl controller from the time domain to the frequency domain is
represented in(52). In order to account for the difference in the desired and actual dc bus
voltage level a d-axis current reference is requested for the voltage source converter to
generate [5].
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igd :Kp,v (Vdc _Vdc)+Ki,v J.(Volc —Vie )dt

* Ki,v (Vdc_vdc)
:Kp,v (Vdc _Vdc)+f

¥ 1+sT,'V
= (Vdc _Vdc) Kp,v T

iv

(52)

2.4.2. Approximation of Current Controller Model

The zero due to the feedback in the closed loop current controller of (51) can be ignored
since it wouldn’t negatively affect the system until well beyond the bandwidth of the current
controller [12, p. 600]. Using the damping ratio in (47) the second order transfer function of
the closed loop current controller is approximated in (54) as a first order low pass filter [7, p.
55], [5, p. 131]. If the total impact of the anti-aliasing filter in the current controller is ignored
then the relationship between the computational device sample time and bandwidth of the
current controller is defined in(55) [1, pp. 215, 351].

1 1
CLTA 2 AT s 1 1+54C7T,
— 1 . —_—
Gcc,lstOrdAppx - 1 +52Ta : é/ =0.707 (54)
T.. =2T, = 3T, " anti—aliasing filter is ignored (55)

2.4.3. Power Balance Model

To establish the power balance between the ac and dc side of the voltage source
converter the relationship of dc voltage to d-axis current is required. Applying Kirchhoff’s
current law to Figure 4 the relationship between the phase currents, load current, and dc-link
capacitor current is defined in (56) using the switch states of (57) [11, p. 11.7].

ic +ip =ige =Salga +Spigh +Sclge " (Sq =1,Sp, =0, S, =0) is1 of 8 possible states (56)

S, =1the upper IGBT of one leg in the converter is switched ON (x =a,b,c) (57)
S, =0the lower IGBT of one leg inthe converter is switched ON (x =a,b,c)

The instantaneous power balance for the voltage source converter in the synchronous rotating
dqg frame neglecting any losses is expressed in(58) since the ac-side active power is equal to the
dc-side power [1, p. 213].
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dvy . .3 . .
Ve Cae d_tc FVgely =Vyelge = E{ng’gd +nglgq} Py =P, (58)
iC
Applying the small signal linearization to (58) leads to(59). The goal is to find the transfer
function between the d-axis current and dc voltage so all perturbations including second-order
signal perturbations are ignored resulting in (60) [1, p. 214].

d(Vy. +V,.)

N n 2 3 ~ N ~ A
(Ve +Vge)Cyc (Ve +Vg ), +iy) :E{(ng Vg gy +igg) +(Vgg +Vga)ligg +/gq)} (59)

d"/\d ~ 3 2
V, Cye —dtc 0yl +Vyl, = E{nglgd +Viyghg +vgq/gq} (60)

Simplification of (60) considering (61) leads to(62).

3
Vel =§{ng’gd +Vygloa | (61)
di. . 3 -
Vchdc dtc +Vdclo:§{vgd’gd} (62)

Applying algebraic manipulation to (62) leads to the relationship of dc voltage to d-axis current
in(63).

A

Vd N 3 a
VicCac tc Vaclo = E{nglgd}
Vg - 1 3 -
Ve (Cdc F +Vaclo Tdc) - E{ng’gd }
v R 1 3 a
BV, (Cye —5 40y, )= E{nglgd} Ve 2BV 4 (63)
o'o
1. 3.
VdC (SCdC +_) = _Igd
o 2
I 31
iy 2 1
gd SCyqc +—

From a controller tuning perspective, the worst case stability standpoint of (63) simplifies to(64)
during no load operation since the pole would reside on the imaginary axis [13, p. 711], [14, p.
103].
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e B L g

: > o »,—0 (64)
gd dc

2.4.4. Digital Filter Feedback Model

To ensure that the inner current loop is at least 5 times faster than the outer voltage
loop a digital low pass filter in (65) is used on the voltage feedback to slow the system response
down [14, p. 375], [8, p. 52] but without the introduction of unnecessary filtering that would
lead to sluggish control [8, p. 16]. By setting the frequency in (66) to half of the computational
device’s update rate and examining the scenario of a step function applied to (65) leads to a
delay of 6 sample periods to reach 95% of the input [1, p. 218].

1

G = 65
feedback,v 1 +5T/p ( )

Fj, =0.5F, (66)

2.4.5. Per-Unit Representation

For simplification in the controller tuning methodology (67) shows the conversion of the
power balance transfer function (64) to per-unit representation using Appendix A: Per Unit
Values.
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n . 3 -
Vae,pu2VbSCacVac,pu2Vh + ;}Jo/ = E{ngvb’gdlb} “Vae,p =2Y%
load

2 ~
Vdc,pu 4Vb SCdcvdc,pu
-

~

3
E ng,pu Vb’gd,pulb

=1 =1'vVOoC
\ 31 -
sC,.v =——]
dcVdc,pu 8V, gd,pu
Vdc,pu _E 1
Igd pu 85Cy.Z,
v 3 1
dc,pu . —
~ _g c c 7 . Cdc _Cdc,pucb,dc
’gd,pu S dc,pu~b,dc<b
Vde,pu _§§—1 - C —EC
P 83sCy ,,CpZ, 8 h
lgd,pu dc,pu~b<b
Vdc,pu 1 o C, = 1
i B 1 TP 7w
gd.pu SCdc puizb b=
Z, @,
G _ Vdc,pu _ 1
system,C — % - C
gd,pu s dc,pu
Wy

2.4.6. Block Diagram Representation of Transfer Functions

The non-unity closed loop feedback diagram for the per-unit representation of the

(67)

voltage controller is shown in Figure 10. The 6 sample period delays introduced into the design

of the voltage controller as a result of a step response with respect to the voltage feedback

transfer function results in the desired slowdown of the system and Figure 10 can be further
simplified to Figure 11 [15, pp. 758-759], [11, p. 16.26].
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. system,C
GPI,V Gcc,lstOrdAppx 1
* .
+ 1+5sT, i 1 ] _
* ) Cerrorl iv gd,pu gd,pu C
Vdc,pu Kp/V T ’ 1 T ’ s dc,pu I de,pU
— sty +S/,.
Wy
1

Vdc,pu, filtered 1+ ST/P

G feedback v

Figure 10 - Per Unit Voltage Controller

G

i system,C
GP/,V Gcc,lstOrdAppx,WDe/ay 1
* .
+ 1+sT. | 1 ] _
* ) C/errorI iyv gd,pg‘ gd,pyI
Vdc,pu KP,V 1 T 6T CdC;PU » Vdc,pu
_ ST, +5(Tee +6T,,,) s "
b

Figure 11 - Simplified Per Unit Voltage Controller

2.4.7. Symmetrical Optimum Tuning of Voltage Controller

By utilizing the symmetrical optimum tuning technique a cross-over frequency with the
maximum amount of phase margin is obtained from the geometric mean between the
approximated current controller with delay and Pl controller frequencies that result in an
optimum amount of damping for the voltage controller [16, pp. 85-87].

Evaluating the product of the forward path and feedback transfer functions of Figure 11 results
in the voltage controller open loop transfer function as in(68) with the time constants simplified
in (69) and (70).
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GVC,OL = G G G

piv-cc,1stOrdAppx,wDelay™ system,C
1+sT.
=[x, — ! ! (68)
TosTiy \ 14U +6T00) ) Caepu
Wy
| g 1+sT,-,v 1 1
PYosT, 48Ty L sTogp
T, =T. +6Tmp (69)
Cy,
Tcap= = (70)
Wy

By first determining the integral component of the Pl controller in (71) the cross-over frequency
can then be determined in(72).

T,,=a’T,, a>1 (71)

t 1 (72)

NI

By evaluating the cross-over condition of the open loop transfer function of the voltage

a)d:

controller in (73) the gain component of the Pl controller can be determined in(74).

‘GVC,OL (Jeoy )‘ =1 (73)
K _ Tcap _Tcap (74)

pv = =
xlTbTi,v aTb

The open loop voltage controller in (68) can be further simplified to (75) by substitution of PI
controller parameters defined in (71) and (74).

1 1+sa’T,
Gyeor = b (75)
’ sza‘g’sz 1+sT,

The unity feedback closed loop voltage controller simplifies to(76).
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Gpi,v
1+G

G G

cc,1stOrdAppx ,wDelay
G

system,C

G

Gvc,CL =

pi,v=cc,1stOrdAppx,wDelay™ system,C
(76)

(1 + sasz )

53'013Tb3 + szaasz + sasz +1

By evaluating the denominator of the closed loop voltage controller a pole exists at (77) [17, p.
29] and with that knowledge by applying long polynomial division leads to the simplification of
the closed loop voltage controller in(78).

1

S, =—— (77)
! aT,

(1 + sasz )

GVC:CL:(l 2 2,2 2
+saT, )| s°a“T; +sa’T, —saT, +1

) (1+50°7, ) o

1+saT, || s>a’T} +saT,(a—1)+1
1 1 12

@ > 1)

n n n

The poles of the standard form of a second order transfer function (45) are represented in(79).

Poles of Standard Form 2nd Order TF =—(w, i«/( Za)f,— a)% (79)

The poles of the third order closed loop voltage controller (76) simplified to first and second
order systems in (78) lead to the calculation of the poles in (80).

s =L
! al,
a)n
2
a-11 _ [(a-1)" 1 1
237 - 272 272 (80)
2 aTb 4 a Tb a Tb
R
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Evaluating (80) provides insight for practical values of a following the criteria defined in (71) for
the symmetrical optimum tuning. With a>1and a <3 one real and two complex poles exist
with the selection of a impacting the damping ratio (81) which in turn determines the
oscillatory part of the response.

¢= (81)

a-1
2
Whena >3 the oscillatory response is removed since three real poles exist and the system can
be further dampened by increasinga . Further evaluation of the open loop voltage controller of
(75) identifies a double integrating term causing the step response of the closed loop voltage
controller to exhibit significant overshoot. To eliminate this overshoot caused by the lead term
of the PI Controller a corresponding low pass filter is inserted before the input to the closed
loop voltage controller in Figure 12 [16, p. 87], [11, p. 16.26].

1
G o = (82)
prefilter 1 +5Ti ,
G
) system,C
Gpref/lter Gv,conl“ro/le'r Gcc,lstOrdAppx,wDe/ay 1
* .
1 + 1+sT.,|i 1 i -
* error, iv|lgdp gd,p C
v, w1 K, —— | 9Py | 99PY) >V
depu |1 4T, , [ PYUST 1+5(T, +6T,,) s depu | depu
’ ’ a)b

Figure 12 - Simplified Per Unit Voltage Controller with Prefilter

2.5. Active and Reactive Controller Models

The transfer of power between the grid and the voltage source converter in Figure 4 is
represented with the dg synchronous reference frame active and reactive power equations of
(83) and(84). In order for the voltage source converter to achieve the vector control method
known as voltage oriented control the d-axis of the synchronous frame must be aligned to the
grid voltage vector. With the d-axis of the synchronous frame aligned to the grid voltage vector
the magnitudes will be equal to one another resulting in the g-axis of the synchronous frame
equal to zero [6, p. 145]. Evaluation of (83) and (84) leads to the conclusion that the active
power transferred is a result of controlling the d-axis of the synchronous frame current while
the reactive power transferred is a result of controlling the g-axis of the synchronous frame
current.
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Py = ;(ngigd +ngigq)

— 3 H . _O
—Evgd/gd . ng =

3 . .
Q, = E(ng’gd 'ng’gq)

> Vadlgq " Vgq =0

2.5.1. Open Loop Model

(83)

(84)

The voltage source converter that controls the power consumed and or supplied to the

grid is designed with open loop control of the active and reactive power [18, p. 70]. In order for

the PQ controllers to interface the dg current controllers (83) and (84) are simplified to per-unit

representation in (85) and (86) using Appendix A: Per Unit Values.

3 3 .
Evblbpg,pu =Evbvgd,pulblgd,pu
Po,ou =Vad,pulgd,pu

3 3 .
Evbleg,pu = Evbvgd,pulblgd,pu

Qg,pu = Vgd,pulgq,pu

The per-unit open loop PQ controllers are represented in (87) and(88).

*

_*
Pa,pu =Vad,pulgd,pu

* *

g.pu = Vgd,pulgq,pu

Q

2.6. Phase-Locked Loop

(85)

(86)

(87)

(88)

For voltage oriented control of the voltage source converter the grid voltage angle must

be detected in order to align the d-axis of the synchronous frame to the grid voltage vector.
With the coordinate transformation of the grid voltage from the abc three-phase stationary
reference frame to the aff two-phase stationary reference frame the grid voltage angle can
then be detected in(89). However, any harmonic content present on the grid voltage may
distort the measured angle so instead a phase locked loop is employed [6, pp. 144-145].
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-1 Vg6

vga

Hg =tan

(89)
The general concept of the phase-locked loop is to use a Pl Controller to establish the grid
voltage angle from the grid voltage vector. With the actual grid voltage angle detected, the
transformation of the grid voltage vector to the aff two-phase stationary reference frame is
defined in (90) and (91) [19, p. 81].

Voo =V

g cos Hg (90)

g
Vgg =VgSin Hg (91)

Substituting (90) and (91) into the coordinate transformation of the aff two-phase stationary
reference frame to the dg synchronous reference frame in Appendix B: Coordinate
Transformations results in (92) and (93). Evaluating (93) shows that when the grid voltage
angle is established the g-axis of the synchronous frame grid voltage is zero.

Vgd =C0SOpVyq +SiNGV 6
_ 2 )
=V, (cos Hg +sin Gg) (92)

oy e 2 20 _
=V, "’ COoS Qg +sin Qg =1
Vgg =—SiNO,V g, +C0SOV 6
=V, (—sm chos Qg +cos Qgsm 49g ) (93)

=0

The output of a Pl controller represents the deviation control signal. Since a correct
detection of the grid voltage angle results in zero for the g-axis of the synchronous frame grid
voltage, it is used as the input to the Pl Controller. The addition of the steady-state term to the
PI Controller output represents the actual control signal instead of simply the deviation control
signal which would result without the addition of the steady-state term [19, p. 91]. By adding
the base grid frequency as the bias signal to the Pl controller output deviation control signal
calculated from the g-axis of the synchronous frame grid voltage the grid frequency is
established in(94).
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0y =K, o (vgq —o)+/<,.'p,, I(vgq —O)dt+27sz

4]
b
Gni pll

K: v
_ i,pll”gq
=KppiVgq * S +27fy (94)

1+sT. K
_ ipll .. _ p.pll
=Vgq| Kp,pii e +27fg T = K
i,pll i,pll

The result of the integration of grid frequency leads to the grid voltage angle in(95).

6?g =Ia)gdt
1) (95)

The sampling delay of the computational device can be modeled as a first order low pass filter
in (96) with a bandwidth determined by the sampling time of the computational device in (21)
[20, p. 59].
1
G

computational device — 1+sT (96)
mp

With the transfer functions for the controller, computational device, and integrator known the
resultant diagram for the detection of the grid voltage angle using a phase-locked loop is
represented in Figure 13.

G

__“plant ”
o, | 3
Gpi,pll b Gcomputational device Gintegrator
abc v 1+sT, 4| + 1 w i
P |
Vg,pu™] TP K p i T 1+sT ’ —>Y%
dq Stipil + mp |

Figure 13 - Phase-Locked Loop for Grid Voltage Angle Detection

2.6.1. Symmetrical Optimum Tuning of Phase-Locked Loop

By utilizing the symmetrical optimum tuning technique a cross-over frequency with the
maximum amount of phase margin is obtained from the geometric mean between the
computational device and Pl controller frequencies that result in an optimum amount of
damping for the phase-locked loop.
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Evaluating the product of the forward path of Figure 13 results in the phase-locked loop
transfer function as in(97).

G :Gpi,p/lG G

computational device

1+5T, oy 1 1 (97)
=| Kp,pi ’ ~
sT,-,p,, 1+sTmp S

Since the application of the phase-locked loop is for the electric grid the frequency should

pll integrator

remain fairly constant which allows the bandwidth of the phase-locked loop to be designed
with the maximum amount of phase margin in relation to the grid frequency in(98) [20, p. 60]
to find the most robust phase-locked loop output. By establishing alpha in (99) the appropriate
integral component of the Pl controller is determined in(100).

Wpj) = Wy
1 (98)
TmpTi,pll aTmp
1
a= (99)
Tmpa)b
Ti,pll =aszp (100)

By evaluating the cross-over condition of the transfer function of the phase-locked loop in (101)
the gain component of the Pl controller can be determined in(102).

G (e )| =1 (101)

1 1
K, = = (102)
p.pll
\/ TmpTi,plI aTmp
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3. Project Implementation

The project installation resides at the University of Wisconsin — Milwaukee electrical
engineering lab located on the second floor of the USR Building. Figure 14 is the one line
diagram of the project installation while Figure 15, Figure 16, and Figure 17 are photos of the
installation. The elements in Figure 14 refer to the channels on the Yokogawa power analyzer
used to measure the system’s phase voltages and currents.

Supply
Transformer
3 b pec
@
j é Isolation “vDC” “PQ” Isolation
Transformer Reactor Converter Converter Reactor Transformer
= A Element 2: DC Bus Voltage = A
Element 1: Phase Voltage A Element 3: Phase Voltage A

Element 1: Current A Element 3: Current A
Element 2: Current B

Figure 14 - Project Implementation & Yokogawa Measurements
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Figure 15 - Project Photo 1
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Figure 16 - Project Photo 2
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Figure 17 - Project Photo 3
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3.1. Supply and Isolation Transformers

A delta-wye 500 kVA transformer configured for 4160VAC on the primary and 480VAC on
the secondary supplies 480VAC at 60Hz to two fused electrical disconnects designated for this
project in the electrical engineering laboratory. Each of the electrical disconnects feeds a single
isolation transformer. The two delta-wye 75 kVA isolation transformers used in this project
were donated by Eaton. Since an electrical installation from the supply transformer to the
electrical engineering lab already existed, the 500 kVA transformer was chosen as the
connection to the grid. Due to the age of the transformer typical performance data was
unavailable from the manufacturer. The manufacturer provided modern day equivalent
information [21, p. 7] and the equivalent circuit is derived using Appendix F: Delta/Wye
Transformer Equivalent Circuit in Table 1.

Transformer Power Rating [kVA] 500
Transformer Impedance [%] 5.5
X/R Ratio 3.36
No Load Losses (Open-Circuit Test) [Watts] 1300
Full Load Losses (Short-Circuit Test) [Watts] 7840
Transformer Resistance [Per-Unit] 0.0157
Transformer Reactance [Per-Unit] 0.0527
Base Primary Winding Resistance [ohms] 103.8336
Base Primary Winding Reactance [ohms] 103.8336
Base Primary Winding Inductance [henries] 0.2754
Base Secondary Winding Resistance [ohms] 0.4608
Base Secondary Winding Reactance [ohms] 0.4608
Base Secondary Winding Inductance [henries] 0.0012
Primary Winding Resistance [ohms] 0.8151
Primary Winding Leakage Reactance [ohms] 2.7360
Primary Winding Leakage Inductance [henries] 0.007258
Secondary Winding Resistance [ohms] 0.003617
Secondary Winding Leakage Reactance [ohms] 0.0121
Secondary Winding Leakage Inductance [henries] 3.22e-5
Magnetization Resistance [ohms] 3.994e+04
Magnetization Resistance [per-unit] 384.6
Magnetization Inductance [henries] 28.52
Magnetization Inductance [per-unit] 103.6

Table 1 - 500 kVA Supply Transformer Performance Data

The high voltage connection for the isolation transformer is a delta winding and the low
voltage connection is a wye winding. According to [22, p. 6] in a standard three phase
transformer when the high-low voltage connection is wye-delta or delta-wye the low voltage
winding lags the high voltage winding by 30 degrees. Installing the isolation transformer with
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the primary delta-secondary wye between the point of common coupling and the “PQ”
converter line reactor provides a phase shift with the primary leading the secondary by 30
degrees. Installing the isolation transformer with the primary wye-secondary delta between
the point of common coupling and the "VDC” converter line reactor provides a phase shift with
the primary lagging the secondary by 30 degrees. This arrangement of the isolation
transformers provides 60 degrees of angular displacement between the two outputs of the
back-to-back converters since a common supply feeds both isolation transformers.

Without the isolation transformers of Figure 14 the back-to-back converters through their
respective reactor would be connected directly to the point of common coupling defined for
the system. With back-to-back converters the zero sequence voltages (3rd, 6" ot etc.) due to
PWM can cause currents to circulate between the two converters [12, p. 609]. The addition of
isolation transformers will mitigate the transfer of common-mode noise. Additionally the
angular displacement of 60 degrees cancels out the 3" harmonic currents between the back-to-
back converters.

Transformer Power Rating [kVA] 75
Transformer Impedance [%] 4.96
X/R Ratio 1.2371
No Load Losses (Open-Circuit Test) [Watts] 300
Full Load Losses (Short-Circuit Test) [Watts] 2617
Transformer Resistance [Per-Unit] 0.0312
Transformer Reactance [Per-Unit] 0.0386
Base Primary Winding Resistance [ohms] 9.216
Base Primary Winding Reactance [ohms] 9.216
Base Primary Winding Inductance [henries] 0.0244
Base Secondary Winding Resistance [ohms] 3.072
Base Secondary Winding Reactance [ohms] 3.072
Base Secondary Winding Inductance [henries] 0.00815
Primary Winding Resistance [ohms] 0.14377
Primary Winding Leakage Reactance [ohms] 0.177869
Primary Winding Leakage Inductance [henries] 4.718116e-04
Secondary Winding Resistance [ohms] 0.047923
Secondary Winding Leakage Reactance [ohms] 0.05929
Secondary Winding Leakage Inductance [henries] 1.572705e-04
Magnetization Resistance [ohms] 2304
Magnetization Resistance [per-unit] 250
Magnetization Inductance [henries] 1.36105
Magnetization Inductance [per-unit] 55.68

Table 2 - 75 kVA Isolation Transformer Performance Data

33




3.2. Converter

Two 60 kW three-phase two-level voltage source converters were donated by Rockwell
Automation. The converters are connected chassis to ground with the PE-A and PE-B jumpers
removed. The PE-A jumper is the circuit for the MOVs and AC EMI capacitors phase to ground
connection. The PE-B jumper is the circuit for the common mode capacitors to ground
connection. The removal of these jumpers creates an open-circuit to ground.

3.3. DC Bus Connection

The converters were placed as close as possible to one another to minimize the connection
length of the DC Bus to reduce the parasitic inductance of the bus structure and thus provide
lower peak bus voltages during transient operation, but yet still allow for sufficient operating
area for the fans in the converter.

3.4. Pre-Charge

A method of pre-charging the DC bus is necessary as to not to damage the DC Bus
capacitors in the power structure of the converter. In addition to the DC Bus capacitors and
IGBT section each converter contains a diode rectifier with controllable pre-charge resistor
circuit that can be optionally used to limit the inrush current during the pre-charge sequence.
The converter that was chosen to maintain the constant DC Bus voltage level utilized these
additional parts of the power structure during pre-charge.

3.5. Voltage Divider and Virtual Neutral

For voltage based control of the converter the phase voltages must be measured by the
GP-DSP. The phase voltages are used for detecting the grid voltage angle and thus establishing
the phase-locked loop for each converter. The GP-DSP board has the hardware capabilities to
measure three voltage inputs up to approximately 120VAC rms. Since the grid’s typical phase
voltage measurement of 277VAC rms exceed the hardware capability of the GP-DSP board a
voltage divider was needed. A virtual neutral circuit was used to measure each phase voltage
opposed to converting line voltage measurements to phase voltages within the DSP software.
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Figure 18 - One Line Diagram Representation of Converter, Impedance, and Grid

A multiple feedback 2nd order, low pass analog filter is implemented on the GP-DSP
board layout for each voltage measurement circuit prior to the ADC. By measuring the phase
voltages between the reactor and isolation transformer as depicted in Figure 18 the voltage
harmonic spectrum produced by the converter is slightly attenuated by the ratio

Zisolation Xfmr/(Z,-so,at,-oanmr +Z,eact0,) which consist of the component impedances [23, p. 82].

Replacing the voltage measurement with a grid voltage estimator or virtual flux estimator [5, p.
453] was not considered since the measurement of the phase voltages by the GP-DSP board
provided adequate filtering to firmly detect the grid voltage angle.

3.6. GP-DSP

The general purpose DSP board with a Texas Instruments TMS320F2812 was designed by
Rockwell Automation in order to interface and control a converter’s power structure. The
ribbon cable between the Rockwell Automation converter and general purpose DSP board
should be the same one supplied by Rockwell Automation that connects to the standard DSP
provided with the converter.

3.7. Reactor Selection, DC Bus Level, and Converter Switching Frequency

There are multiple methods for the determining the actual component values of Figure
14. A typical method is to begin by determining the inductance of the reactor by selecting the
range of current with emphasis on the nominal value the converter will need to handle (103),
the grid voltage (104), and the maximum allowable total demand distortion [24, p. 487].

lnominal = 72-3 [amps rms] (103)

l, =102.25 [amps]

Vg',,-ne_,,-ne =480 [volts rms]

(104)
Vj, =391.92 [volts]
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The worst case scenario for the harmonic current according to [25, p. 7] at the point of
common coupling for Figure 14 is (105) where /; g,nop fmr represents the maximum demand

load current and Isc supply xfmr TEPresents short-circuit current for the secondary of the supply

transformer.

.. ISC,supplyxfmr

=0.3%X1|_supply xfmr " <20and h=35and h=odd

[
limit ,supply xfmr IL,supply ©fmr (105)

~ 1.8 [amps rms]

The largest possible practical value of inductance is desired to provide the lowest
current ripple [26, p. 54], [5, p. 435] since the current ripple is independent of the power being
transferred [4, p. 232]. An estimate of current ripple for a converter utilizing space vector
modulation connected to the grid through the system inductance is given in (106) [26, p. 56].

Ve

T 2afl (106

’max

To minimize the voltage drop across the reactor the maximum value of inductance is limited to
0.1 per unit [23, p. 56], [7, p. 142] with the voltage drop as a result of the resistance of the
reactor considered negligible. The reactor purchased from MTE has a continuous current rating
and inductance(107).

Lregctor =910 [microhenries] (£10%) (107)
Ireactor =83 [amps]
The per-unit value of inductance for the reactor is defined in (108) [2, p. 170].
L @, B
Lreactor,pu _ nominal““ b=reactor ~0.09 [,DU] (108)
Vg,/ine—/ine

In addition to the cancellation of harmonics generated by the converters the use of isolation
transformers provides additional inductance to the system determined by(109) [27, p. 29].

Y; 2
_ g,line—line .. _
isolation xfmr — Xpu S . Lpu - Xpu (109)
Wy isolation xfmr

L
~314.54 [microhenries)

The maximum required bus voltage for (106) is chosen in order to find the worst case
scenario of ripple current. Since the active (110) and reactive power (111) supplied or

36



consumed between the converter and grid is accomplished by controlling the phase angle 6
and magnitude of the converter voltage with respect to the grid voltage [4, p. 496] the scenario
where the converter needs to supply reactive power to the grid requires the highest bus
voltage level (112).

V,V1sin0
Pg =Vglg1COS¢:T'.'¢:ZVg—Zlgl (110)
b
. ng -V,V 4 cos8
Qg =V, lyysing = ol =LV, =Ly, (111)
b
_ Vg,line—line 0
Vcl - T + 27[fg (Lreactor + Lisolationxfmr )Inomina/ cos (112)
~310.5 [voltsrms]-.- 8 =0
Vcl = ~gdneiie _ 2z f (Lreactor + Lisolationxfmr )I nominal €OS 0
B 9 (113)

~ 255 [volts rms] -0 =0

By using (2) and assuming the maximum linear modulation index for SVM, the minimum DC bus
voltage in order to meet the converter output phase voltage requirement when delivering
reactive power to the grid is given in(114).

Vdc,minimum = ‘I/\cl \E
~ 760.6 [volts]

(114)

To account for variations in the grid voltage and simplification of the DC side base values in
Appendix A: Per Unit Values, twice the base voltage was chosen for the DC bus voltage
level(115).

Ve =2V

(115)
~ 784 [volts]

To remain within the boundary determined by the total demand distortion of current the
inductance of the system is given in (116) [28, p. 35], [29, p. 450].

vV
phase,h (116)

ha bl limit,supply xfmr

37



Since the inductance of the system and the maximum harmonic current are known, the worst

case converter harmonic voltage magnitude V,,.. , and order h must be determined for(116).

The magnitudes of the voltage harmonic spectrum generated by the converter are dependent
upon the pulse width modulation technique chosen while the order of the major sideband
harmonics generated by the converter are determined by the converter switching frequency f;

and fundamental frequency f, of the grid [30, pp. 289-290].

In order to minimize harmonic distortion and fully maximize the grid voltage supply for
this installation synchronous double-edge symmetrical regular sampled space vector
modulation was the technique chosen for the converter. The voltage harmonic spectrum in
Figure 19 was calculated for space vector modulation single update, symmetrical, with a
triangular carrier [30, pp. 276-290] at multiple converter switching frequencies using (117) and
Table 3. The switching frequencies chosen were integer ratios of the fundamental frequency
that would produce odd major sideband harmonics since even sideband harmonic currents are
limited to 25% within their respective harmonic ranges [25, p. 7]. Double-edge asymmetrical
regular sampled space vector modulation was only used for the model-in-the-loop simulation
since difficulties arose in the actual implementation for the GP-DSP.

. _Vdc 6 ye(i) Xf(i) j[[mmw‘jwny'j '
A +jB _?ZI e jx e dxdy (117)
i=1
i | ys(i) | ve(i) X, (i) Xz (V)
1 L T _z 1+£Mcos y+z z 1+£Mcos y+z
3 2 2 6 2 2 6
T 2r T 3 .4 3
2| = - —~|1+=Mcos —|1+—=Mcos
3 | 3 2[ 2 (y)} 2[ 2 (y)}
3 0 z —a 1+£Mcos y—Z z 1+£Mcos y—Z
3 2 i 2 6 | 2 i 2 6 i
4 _Z 0 _ﬁ 1+£/\/]cos y+zj z 1+£MCOS y+£)
3 2 i 2 6 | 2 i 2 6 |
27 T T 3 T 3
5| 22| 2 ——|1+=Mcos —|1+—=Mcos
3 3 2{ 2 (y)} 2[ 2 (y)}
6 - _2_71' _Z 1+£/\/]cos y—Z Z 1+£MCOS y—Z
3 2 2 6 2 2 6

Table 3 - Outer and Inner Double Fourier Integral Limits for SVM
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100

Magnitude [Peak Phase Voltage]

Harmonic [fs + fo] 15’6?5007%
0

Switching Frequency [Hz]

Figure 19 - Analytical Harmonic Voltage vs. Switching Frequency for Double-edge Symmetrical Regular Sampled SVM

With rearrangement of (116) the actual harmonic currents in Figure 20 can be
calculated from the system inductance and converter harmonic voltage spectrum in Figure 19.
Examination of the harmonic currents in Figure 20 show that the estimation in the minimum
switching frequency falls on the border of 4500 or 4860 hertz in order to meet the harmonic
current limits imposed at the secondary of the supply transformer for a single converter.

Magnitude [Peak Phase Current]

Harmonic [fs * fo] 40;1500740
0

Switching Frequency [HZ]

Figure 20 - Analytical Harmonic Current vs. Switching Frequency for Double-Edge Symmetrical Regular Sampled SVM
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3.8. Control Overview
An overview of the power filtering topology and block diagram of the converter control
schemes are shown in Figure 21.

ﬂ

s
A J Yvy

2-Level
SVPWM

@ | | VB

<

-vd

2|
o

“Vdc” Converter DSP “PQ” Converter DSP

Figure 21 - Control Overview in Per-Unit

40



4. Simulation

The system parameters used for the frequency and time domain analysis of the current
controller, voltage controller, and phase-locked loop as well as the continuous versus discrete
controller implementations are listed in(118). The system parameters chosen are a result of
the project implementation described in Chapter 3. The open loop response is used to evaluate
the gain margin and phase margin, the closed loop response is used to determine the
bandwidth and peaking, while the step response is used to measure the percent overshoot and
rise time duration of the system [8, p. 42].

V, =391.92 [volts]
I, =102.25 [amps]
@, =376.99 [rad / sec]

L,, =0.0895
(118)
R,y =0.0030
Cye pu =34.68

T, =0.00020576 [sec]
f, = 4860 [Hz]

4.1. Current Controller Frequency Domain Analysis

The optimization method modulus optimum described in Chapter 2.3.7 is used to derive
the current controller proportional and integral gains as shown in the bold column of Table 4.
The remaining proportional and integral gains listed in Table 4 are a result of substitutions for
the damping ratio defined by modulus optimum. As can be seen in Figure 22 and Figure 23,
increasing the switching frequency and processor update rate increases the proportional and
integral gains at various damping ratios.

¢ 0.4 0.5 0.6 0.7 0.707 0.8 0.9 1

Kp,c 0.86288 | 0.55225 | 0.38350 | 0.28176 | 0.27612 | 0.21572 | 0.17045 | 0.13806

K; cdiscrete | 0.00227 | 0.00145 | 0.00101 | 0.00074 | 0.00073 | 0.00057 | 0.00045 | 0.00036

K¢ cdiscrete | 0.00263 | 0.00263 | 0.00263 | 0.00263 | 0.00263 | 0.00263 | 0.00263 | 0.00263

Tic 0.07836 | 0.07836 | 0.07836 | 0.07836 | 0.07836 | 0.07836 | 0.07836 | 0.07836

Ki 11.0115 | 7.0473 | 4.8940 |3.5956 |3.5237 |2.7529 |2.1751 | 1.7618

Table 4 - Current Controller Tuning Modulus Optimum at 4860 Hz Switching Frequency
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Current Controller Kp

Zeta 4«960

Switching Frequency [Hz]

Figure 22 - Current Controller Proportional Gain versus Switching Frequency versus Damping Ratio
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Current Controller Ki

Zeta 406‘0
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Figure 23 - Current Controller Integral Gain versus Switching Frequency versus Damping Ratio
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The bode diagram of the current controller’s open loop response to various damping

ratios is used to determine the range of phase margin (Figure 24). The phase margin increases

with an increase in the damping ratio as can be seen in Table 5. The current controller open

loop transfer function (119) was derived with the modulus optimum proportional and integral

gains.
Current Controller Open-Loop Response ({ = 0.4 = 1)
50 T ————y .
0.4
) ———— 05
o 0.6 -
° — 07
E 0.70711
= 0.8
g — 09 -
= 1 =
-100 L L
-90 E T ™ =
g
@ -135 .
@
T
-180 — L :
102 108 104 10°
Frequency (rad/s)
Figure 24 - Current Controller Open-Loop Response for Various Damping Ratios
4 0.4 0.5 0.6 0.7 0.707 0.8 0.9 1
Phase
Margin 43.14 51.83 59.19 65.16 65.53 69.86 73.51 76.35
[degrees]
Frequency
@ Phase
. 2866.48 | 2111.58 | 1601.97 | 1243.58 | 1222.36 | 985.05 794.91 652.47
Margin
[rad [ sec]

Table 5 - Current Controller Open-Loop Response for Various Damping Ratios

43




1343
GCC,OL = % é’ = 0.707

0.0003723s% +s
Phase Margin =65.53 [degrees] @ 1222.36 [rad / sec] (119)

Gain Margin =

The bode diagram of the current controller’s closed loop response to various damping
ratios is used to determine the range of bandwidth (Figure 25). The bandwidth decreases with
an increase in the damping ratio as can be seen in Table 6. The current controller closed loop
transfer function (120) was derived with the modulus optimum proportional and integral gains.

Current Controller Closed-Loop Response (( = 0.4 = 1)
20 T LR | T LA | T T T T

0.4
0.5
0.6
0.7 7
0.70711
0.8

0.9

1

Magnitude (dB)

Phase (deg)
©
o
T

-135 -

480 b—— —_— _
10" 102 103 104 10°
Frequency (rad/s)

Figure 25 - Current Controller Closed-Loop Response for Various Damping Ratios
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¢ 0.4 0.5 0.6 0.7 0.707 0.8 0.9 1

Bandwidth

4612.51 | 3414.38 | 2567.90 | 1935.58 | 1897.02 | 1459.80 | 1111.26 | 862.59
[rad / sec]

Undamped
Natural

3357.47 | 2685.98 | 2238.31 | 1918.56 | 1899.27 | 1678.74 | 1492.21 | 1342.99
Frequency

[rad / sec]

Damped
Natural
3077.17 | 2326.12 | 1790.65 | 1370.12 | 1342.99 | 1007.24 | 650.44 | NA
Frequency

[rad / sec]

Resonant

Frequency 2623.17 | 1896.58 | 1180.79 | O 0 0 0 0
[rad [ sec]

Resonant

Peak [dB] 2.66 1.25 0.35 0 0 0 0 0

Table 6 - Current Controller Closed-Loop Response for Various Damping Ratios

1
G . = ¢ =0.707
5 772e-752 +0.00074465 +1

1/2
Bandwidth = @, [(1 ~2¢2 ) +yact—az? +2} =1897.02[rad / sec]

Undamped Natural Frequency (@,) =1899.27 [rad / sec] (120)

Resonant Frequency for  <0.707 = a)n«fl —2(2 =0[rad / sec]

1
20\1-¢2

Resonant Peak for { <0.707 = =0[dB]

4.2. Current Controller Time Domain Analysis

The plot of the current controller’s step response to various damping ratios is used to
determine the percent overshoot and rise time duration (Figure 26). The percent overshoot
decreases and the rise time duration increases with an increase in the damping ratio as can be
seen in Table 7.
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Current Controller Step Response (( =0.4 = 1)
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Time (seconds) «1073
Figure 26 - Current Controller Step Response for Various Damping Ratios

¢ 0.4 0.5 0.6 0.7 0.707 0.8 0.9 1
Percent
Overshoot 25.37 16.29 9.48 4.60 4.32 1.52 0.15 0
[%]
Peak Time

- 1.029 1.337 1.749 2.297 2.332 3.120 4.835 8.881
[millisec]
Settling
Time

e 2.505 3.007 2.655 3.116 3.139 2.238 3.150 4.344
(Within 2%)
[millisec]
Rise Time
Duration 0.436 0.610 0.829 09 3 0 932 2.50

A4 .61 . 1.1 1.131 1.47 1. .501

(10% to 90%)
[millisec]

Table 7 - Current Controller Step Response for Various Damping Ratios
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Percent Overshoot =100e "N =4.321[%]" ¢ =0.707

Peak Time = S — 2.339 [millisec]

wn\ll_gz

Settling Time (Within 2%) = Ci =2.978 [millisec]

n

(121)

1-0.4167¢ +2.917¢2

Wn

Rise Time Duration (10% to 90%) = =1.139 [millisec]

4.3. Voltage Controller Frequency Domain Analysis

The optimization method symmetrical optimum described in Chapter 2.4.7 is used to
derive the voltage controller proportional and integral gains as shown in the bold column of
Table 8. The remaining proportional and integral gains listed in Table 8 are a result of
substitutions for the normalizing factor « defined in part by symmetrical optimum. The
normalizing factor defines the damping ratio for the second-order subsystem of the voltage
controller. As can be seen in Figure 27 and Figure 28, increasing the switching frequency and
processor update rate increases the proportional and integral gains at various normalizing

factors.

24 K p,c K i,cdiscrete Kc,cdiscrete Ti,c K ic

2 23.240 0.60403 0.02599 0.00792 2935.6
2.2 21.127 0.45382 0.02148 0.00958 2205.5
2.414 19.253 0.34342 0.01784 0.01154 1669.0
2.5 18.592 0.30926 0.01663 0.01237 1503.0
2.6 17.877 0.27493 0.01538 0.01338 1336.2
2.7 17.215 0.24550 0.01426 0.01443 1193.1
2.8 16.600 0.22013 0.01326 0.01552 1069.8
2.9 16.028 0.19813 0.01236 0.01664 962.9
3.0 15.493 0.17897 0.01155 0.01781 869.8
3.5 13.280 0.11271 0.00849 0.02424 547.7
4.0 11.620 0.07550 0.00650 0.03167 366.9

Table 8 - Voltage Controller Tuning Symmetrical Optimum at 4860 Hz Switching Frequency
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Voltage Controller Kp

Switching Frequency [Hz]

Figure 27 - Voltage Controller Proportional Gain versus Switching Frequency versus Normalizing Factor
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Figure 28 - Voltage Controller Integral Gain versus Switching Frequency versus Normalizing Factor
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The bode diagram of the voltage controller’s open loop response to various normalizing
factors is used to determine the range of phase margin (Figure 29). The phase margin increases
with an increase in the normalizing factor as can be seen in Table 9. The voltage controller
open loop transfer function (122) was derived with the symmetrical optimum proportional and
integral gains with a substitution of o =4 for the normalizing factor.

Voltage Controller Open-Loop Response (a =2 = 4)
150 T LR LR | T UL L | T UL |
= 100 S ;2 7
cl 24142
° ——— 25 -
E — 26
2 2.7 _
& — 28
= 2.9
3 =
35
-100 e e e N
90 F —————rr ——— —————— —
g-120 .
F
®
£ 150 -
-180 — . . Ll . L Py
10° 10" 102 103 10*
Frequency (rad/s)
Figure 29 - Voltage Controller Open-Loop Response for Various Normalizing Factors
o Phase Margin[degrees] Frequency @ Phase Margin[rad / sec]
2 36.870 252.630
2.2 41.112 229.664
2.414 | 45.0 209.286
2.5 46.397 202.104
2.6 47.925 194.331
2.7 49.354 187.134
2.8 50.692 180.450
2.9 51.949 174.228
3.0 53.13 168.420
3.5 58.109 144.360
4.0 61.928 126.315

Table 9 - Voltage Controller Open-Loop Response for Various Alphas
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.031675+1
0.03167s 0

4.962e-7s3 +0.0002507s2 (122)
Phase Margin =61.928 [degrees] @ 126.315[rad / sec]

Gvc,OL =

The bode diagram of the voltage controller’s closed loop response to various
normalizing factors is used to determine the range of bandwidth (Figure 30). The bandwidth
decreases with an increase in the normalizing factor as can be seen in Table 10. The voltage
controller closed loop transfer function (123) was derived with the symmetrical optimum
proportional and integral gains. When the normalizing factor o >3 three real poles exist in
Figure 31 and the oscillatory part of the response from the 2" order subsystem is removed. By
further increasing the normalizing factor to o =4 the bandwidth of the voltage controller in
Table 10 is ~1/10 of the current controller bandwidth from Table 6. With the inner current

controller 10 times faster than the outer voltage controller enough recommended margin is
achieved for cascaded control [8, p. 52], [7, pp. 274-276)].

Voltage Controller Closed-Loop Response (a =2 = 4)
20 T ] T ]

2.4142

-20 - — 25 b

26

-40 |- 271
2.8

29

Magnitude (dB)

///

35

-90 -

Phase (deg)

-135 -

-180 & . e . |
10" 102 108 104
Frequency (rad/s)

Figure 30 - Voltage Controller Closed-Loop Response for Various Normalizing Factors
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o Bandwidth[rad / sec] Resonant Frequency [rad / sec] | Resonant Peak [dB]
2 429.135 204.575 4,512
2.2 389.764 170.028 3.757
2414 353.369 139.269 3.170
2.5 340.211 128.609 2.981
2.6 325.778 117.253 2.784
2.7 312.243 106.939 2.610
2.8 299.535 97.546 2.453
2.9 287.592 88.955 2.310
3.0 276.358 97.154 2.272
3.5 229.193 72.180 1.845
4.0 193.718 48.248 1.537
Table 10 - Voltage Controller Closed-Loop Response for Various Alphas
0.03167s+1
Gyecr = 3 > > a=4.0
’ 4.962e-7s” +0.0002507s” +0.03167s+1
Bandwidth =193.718 [rad / sec] (123)
Resonant Frequency = 48.248 [rad / sec]
Resonant Peak =1.537 [dB]
600 Voltage Controller Closed-Loop Poles (a =1 = 4 & 100)
* 2nd Order Poles ¥*1
400 | %  1st Order Pole *1?1;*1-1
**1*51'4
75
200 F *%ﬁé -
2.2
% 0 pek100 % % X % Bk Bk x ¥ 5Bk ¥ x ¥os5%e  Hi00
£ 1 1.2 1.4 1.6 1.8 2 242628 9 4
& 8
E %%%
200 %22 i
***117
2.
-400 *1521.2 4
*1.1
¥*1
_600 | | | | | | | | | |
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real axis

Figure 31 - Voltage Controller Closed-Loop Poles for Various Alphas
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4.4. Voltage Controller Time Domain Analysis
The plot of the voltage controller’s step response to various normalizing factors is used

to determine the percent overshoot and rise time duration (Figure 32). The percent overshoot
decreases and the rise time duration increases with an increase in the normalizing factor as can

be seen in Table 11.

Voltage Controller Step Response (a =2 = 4)

T T

T T T

N
3

Amplitude

0 0.02 0.04

0.06 0.08

0.1 0.12 0.14 0.16
Time (seconds)

0.18 0.2

Figure 32 - Voltage Controller Step Response for Various Normalizing Factors

Percent Overshoot Peak Time Settling Time Rise Time Duration
* [%] [millisec] (Within 2%) [millisec] | (10% to 90%) [millisec]
2 43.39 11.302 32.757 4.192
2.2 38.13 12.699 34.811 4.656
2.414 | 33.55 13.692 29.478 5.167
2.5 31.97 14.279 31.691 5.378
2.6 30.29 15.107 34.466 5.629
2.7 28.75 15.634 37.411 5.881
2.8 27.34 16.447 40.481 6.137
2.9 26.06 16.972 43.633 6.397
3.0 24.58 20.000 47.925 7.780
35 20.34 21.692 63.441 8.045
4.0 17.31 26.459 80.970 9.529

Table 11 - Voltage Controller Step Response for Various Normalizing Factors
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Percent Overshoot =17.31[%] .. a=4.0
Peak Time = 26.459 [millisec]
Settling Time (Within 2%) = 80.970 [millisec]
Rise Time Duration (10% to 90%) = 9.529 [millisec]

(124)

4.5. Voltage Controller with Prefilter Time Domain Analysis

The plot of the voltage controller’s step response with prefilter to various normalizing
factors is used to determine the percent overshoot and rise time duration (Figure 33). The
percent overshoot decreases and the rise time duration increases in comparison to Table 11
with the addition of the prefilter as can be seen in Table 12. Since the desired voltage
controller characteristics were obtained during testing without the prefilter this technigque was
not part of the simulation, full system model, or the GP-DSP implementation.

Voltage Controller w/Prefilter Step Response (a =2 = 4)
1.2 T T T T T T

—— 22
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~
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Figure 33 - Voltage Controller with Prefilter Step Response for Various Normalizing Factors
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Percent Overshoot Peak Time Settling Time Rise Time Duration

o [%] [millisec] (Within 2%) [millisec] | (10% to 90%) [millisec]
2 8.14 19.323 26.274 9.069

2.2 4.04 23.728 29.352 11.289

2.414 | 1.40 30.185 23.147 14.197

2.5 0.77 33.723 25.641 15.528

2.6 0.31 39.397 28.897 17.201

2.7 0.08 47.481 32.491 18.996

2.8 0.00 56.429 36.355 20.908

2.9 0.00 83.191 40.417 22.932

3.0 0.00 92.420 44.634 25.061

3.5 0.00 111.333 67.709 37.091

4.0 0.00 174.268 94.320 51.317

Table 12 - Voltage Controller with Prefilter Step Response for Various Normalizing Factors

4.6. Phase-Locked Loop Frequency Domain Analysis

The optimization method symmetrical optimum described in Chapter 2.6.1 is used to

derive the phase-locked loop proportional and integral gains in(125). The bode diagram of the
PLL’s open loop response is used to determine the phase margin (Figure 34). With stability the
focus of the tuning for the PLL a normalizing factor of & =10 provided ~80° of phase margin.

K

K

0.02058s+1

Gpy =
Kp’c =486.0
=4.86

c,cdiscrete — 0.01
Ti,c =0.02058

i,cdiscrete

K; . =23619.60
Phase Margin =78.6 [degrees] @ 486 [rad / sec]
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8.711e-9s> +4.234e-55°

o =10.0
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Figure 34 - Phase-Locked Loop Response for Normalizing Factor = 10.0

4.7. Continuous versus Discrete Time Domain Analysis
The current and voltage controllers as well as the PLL are defined in the continuous-time

domain in Chapter 2. From the system parameters and the Pl gains selected for the three

control loops in Chapters 4 through 4.6, the simplified current and voltage controller models in

Figure 8 and Figure 11 were then modeled in the continuous-time domain MathWorks Simulink

environment as shown in Figure 35 and Figure 36.

Damping Ratio = 0.707

0.27612

1.1547

330.1

0.0003086s+1

Saturation

Gceonverter
1) Processing and Execution Time Delay of the DSP
2) Statistical Delay of the Converter PWM Modulator
3) Space-Vector Modulation

Integrate

1/0.0783 |<

0.07836s+1

Gsystem,L
(Resistance and Inductance)

Kc,c=1/Ti,c
id,measured 1 id
6.366e-05s+1
Gfeedbackdelay

Figure 35 - Continuous Current Controller
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Alpha=4

P id* id E > ! »(1 )
0.001235s+1 0.09199s Vdc

1 Saturation Gee Gfeedbackdelay Gsystem,C

L =
s

Integrate
1/0.03167« u:
Ke,v = 1/Ti,v

Figure 36 - Continuous Voltage Controller

To validate the control implementation for the GP-DSP board the discrete-time design of
the three control loops is required. By using the appropriate discretization method, the
transfer functions designed in the continuous-time domain can be transformed in the discrete-
time domain. There are a number of discretization strategies to choose from; however, in this
case a numerical integration method was selected. The numerical method known as
trapezoidal (bilinear or Tustin) integration was chosen since replacement of the continuous-
time computation of integrals with numerical approximations results in a 3% distortion limit as
long as the ratio of sampling frequency to frequency of interest is greater than 10 [31, pp. 50-
51]. The “c2d” function within the MathWorks MATLAB environment converts a continuous-
time domain transfer function to the discrete-time domain equivalent. By using the “c2d”
function and specifying the Tustin discretization method on the transfer functions of Figure 35
and Figure 36 two discrete control loops are realized as shown in Figure 37 and Figure 38.

Damping Ratio = 0.707

ref
id* Tustin PI-AW ot > 0.2887z+0.2887 > 0.4328z+0.4328 =@
> z-0.5 z-0.9974 X
. » fdb id
id,measured
Gconverter Gsystem,L
1) Processing and Execution Time Delay of the DSP (Resistance and Inductance)

2) Statistical Delay of the Converter PWM Modulator
3) Space-Vector Modulation

0.6177z+0.6177 P id
z+0.2355

Gfeedbackdelay

Figure 37 - Discrete Current Controller
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integralGain

Alpha =4
ref
Vdc* Tustin PFAW ot »lid* id > 0.07692z+0.07692 > 0.001118z+0.001118 =@
> 2-0.8462 z-1
» fdb Vdc
Vdc G
ce Gfeedbackdelay Gsystem,C
Figure 38 - Discrete Voltage Controller
+ 1
ref _ v 2
fdb | -

proportionalGain x

Saturation

antiwindupGain

Figure 39 - Discrete Tustin Pl Controller with Anti-Windup

The plot of the voltage controller’s step response modeled in both the continuous and discrete-

time domains with integrator anti-windup shows that the addition of a prefilter is unnecessary

for the voltage controller (Figure 40).

Voltage Controller Step Response (a = 4)
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Figure 40 - Continuous vs. Discrete Voltage Controller Step Responses with Integrator Anti-Windup
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5. TI C2000 Simulink Implementations and Testing

The control algorithms were developed for the “PQ” and “VDC” converters in the
MathWorks Simulink 2014B environment. Along with the libraries MATLAB Coder, Simulink
Coder, Embedded Coder with TI C2000 support package, and Fixed-Point Designer standalone C
code is generated for the Texas Instruments C2000 processor family directly from Simulink. The
TMS320F2812 is the fixed-point Tl processor on the GP-DSP board. The standalone C code for
the “PQ” and “VDC” converter is then downloaded to the Tl processor with the Texas
Instruments Code Composer version 5.5.0 software. The Spectrum Digital C2000 XDS510LC
USB JTAG Emulator provides the connection between the GP-DSP board and the host
computer. The JTAG emulation connection is used for debugging, downloading, and flashing
the Tl processor. Prior to deploying the “PQ” and “VDC” Simulink applications to standalone C
code, model-in-the-loop testing was performed with the SimPowerSystems library.
Development and testing the project’s system-level model was done to ensure proper
operation and performance of the converters. Software-in-the-loop and processor-in-the-loop
testing was omitted from this project.

5.1. “PQ” and “VDC” Converter Simulink Implementations
Both converter control implementations are detailed to show the minor differences
between the “PQ” and “VDC” software.

5.1.1. Hardware Interrupt

The hardware interrupt is configured for the ADC in both the “PQ” and “VDC” control
implementations. At the end of the GP-DSP’s analog to digital conversion, the ADC posts an
interrupt that triggers the main subsystem to execute as shown in Figure 41 and Figure 42.

C28x

IRQ1

Interrupt
C28x Hardware Interrupt

A
function()

FC1

Figure 41 - “PQ” Converter Hardware Interrupt
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C28x

IRQ1

Interrupt
C28x Hardware Interrupt

A
function()

FC2

Figure 42 - “VDC” Converter Hardware Interrupt

5.1.2. Control Overview

The contents of the “FC1” main subsystem in Figure 41 provide the overview of the
“PQ” converter control as shown in Figure 43 while the contents of the “FC2” main subsystem
in Figure 42 provide the overview of the “VDC” converter control as shown in Figure 44. The
“Discretelnputs” subsystem configures the general-purpose 1/0 registers used to select the
operation of shared pins for digital input. The purpose of the digital input associated with the
“VDC” converter is to command the converter to charge the DC bus voltage to the desired level
while the purpose of the digital input associated with the “PQ” converter is to command the
converter to deliver and/or consume the desired amount of Active and/or Reactive power.
Both the “PQ” and “VDC” digital inputs interface maintained switches located in the project
installation.

Specifically, the digital input initiates the “Startup” subsystem and turns the converter
fan on through the “DiscreteOQutputs” subsystem. The “DiscreteOutputs” subsystem configures
the general-purpose I/0 registers used to select the operation of shared pins for digital output.
The “Startup” subsystem provides a brief time delay prior to enabling the “Main” subsystem
and disabling the “DisablePWM” subsystem which allows the converter to begin modulating.
The “ADC” subsystem configures the 12-bit ADC to perform the analog-to-digital conversions on
the signals representing the converter’s phase voltages measured after the reactor and
currents. The “PQ” GP-DSP board’s ADC digitizes the analog signals associated with the Active
and Reactive power references while the “VDC” GP-DSP board’s ADC digitizes the analog signal
associated with the DC bus voltage reference. The “Conversions” subsystem takes the digitized
analog signals and converts the signals to per-unit representation. The “Main” subsystem
provides the duty cycle reference to the pulse width modulator “PWM_A" block.
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Figure 43 - "PQ" Converter Control Overview
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Figure 44 - "VDC" Converter Control Overview

5.1.3. Signal Conversions

The contents of the “Conversions” subsystem in Figure 43 show the digitized analog
signals used for “PQ” converter control as shown in Figure 45 while the contents of the
“Conversions” subsystem in Figure 44 show the digitized analog signals used for the “vDC”
converter control as shown in Figure 46. Since the converter power structure was originally
designed by the manufacturer for interfacing an induction motor when active power is flowing
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from the converter to the motor the phase voltage and current are expected to be essentially
aligned. Since the converters in this application are interfaced to the grid when active power is
flowing from the converter to the grid the phase voltage and current are expected to be
essentially 180° out of phase with one another. By adding the “Invert” subsystem the
converter current sensing feedback is correctly applied to this application.

The “Convert4” and “Convertl” subsystems scale the digitized phase voltages and
currents to per-unit representation. The “Convert5” and “Convert2” subsystems transform the
per-unit phase voltage and currents from the abc stationary reference frame to the dg rotating
reference frame. The “Convert6” subsystem is the phase-locked-loop which is used to detect
the grid voltage angle. The “Convert3” subsystem scales the digitized Active and Reactive
power references to per-unit representation as shown in Figure 45. The “Convert3” subsystem
scales the digitized DC bus voltage reference to per-unit representation and the “Convert7”
subsystem scales the digitized measured DC bus voltage to per-unit representation as shown in
Figure 46.
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Figure 45 - "PQ" Converter Signal Conversions
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Figure 46 - "VDC" Converter Signal Conversions

The “lIRLowPassFilter1” subsystem filters the measured DC bus voltage. An IIR digital

low pass filter in Figure 47 was chosen over an FIR digital low pass filter to conserve memory.
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Figure 47 - “VDC" Converter IIR Low-Pass Filter for DC Bus Voltage

5.1.4. Decoupled Voltage Oriented Control and PWM References
The contents of the “DecoupledVOC” subsystem in Figure 48 represent the open loop

Active and Reactive power references feeding the current controllers as shown in Figure 49.
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Figure 48 - "PQ" Converter Decoupled VOC and PWM References
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The contents of the “DecoupledVOC” subsystem in Figure 50 represent the outer voltage
controller feeding the inner d-axis current controller as shown in Figure 51. The “IQsat” block
in Figure 51 defines the minimum DC bus voltage reference as the peak of the line voltage.

Figure 49 - "PQ" Converter Decoupled VOC
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is detailed in this section.

5.2.1. PWM References
The converter voltage reference is transformed from the dqg rotating reference frame to
the aff stationary reference frame with the inverse Park transformation “InvParkTrans”

Figure 51 - "VDC" Converter Decoupled VOC
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5.2. Common Functionality between “PQ” and “VDC” Simulink Implementations
The software common between the “PQ” and “VDC” converter control implementations

subsystem as shown in Figure 52. The space vector modulation “SVPWM” subsystem




transforms the converter voltage references from the aff stationary reference frame to the

abc stationary reference frame. The remaining blocks and subsystems scale the abc stationary

reference frame per-unit converter voltage reference to the TI C2000 PWM scaling

requirements.
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Figure 52 - Direct-Quadrature Voltage References to TI C2000 PWM References
5.2.2. PWM

The GP-DSP board interfaces the gate drivers in the converter’s power structure through
PWM module A. The “PWM_A” block in both Figure 43 and Figure 44 configure the module A
Event Manager settings to generate the required waveforms. On the “Timer” tab of the
“PWM_A" dialog box the “Waveform period” selects the switching frequency for the converter
with the units “Waveform period units” defined in clock cycles (Figure 53). Clock cycles refer to

the high-speed peripheral clock on the TMS320F2812 Tl processor. The high-speed peripheral

clock is 75MHz by default since the high-speed peripheral clock prescaler is set to 2 and the
clock frequency is 150MHz. The “Timer prescaler” divides the clock input to produce the

desired timer counting rate. Since “1/4” is selected from the pulldown menu the timer is set to
18.75MHz. Setting the “Waveform period” to 3,858 clock cycles defines a fixed switching
frequency of essentially 4860 Hz. The “Waveform type (counting mode)” can be selected from
the pulldown menu as either “Asymmetric (Up)” or “Symmetric (Up-down)” which produces a

sawtooth or triangular carrier reference. A triangular carrier reference was selected since it is

known to produce less harmonic distortion [30, pp. 223-225].
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C281x PWM (mask) (link)

Configures the Event Manager of the C281x DSP to generate
PWM waveforms.

Timer | Outputs | Logic | Deadband | ADC Control ‘

Module: [A ']

Waveform period source: [Specwfy via dialog ']

Waveform period:

WavfrmPerCyc
Waveform type(counting mode): [Symmetric(Up—down) ']
Waveform period unis: [Cluck cycles ']

Timer prescaler: [1/4 ']

[ OK H Cancel H Help ] Apply

Figure 53 - PWM Switching Frequency

There is a short-circuit hazard associated with having both IGBTSs of a single leg closed at
the same time (Figure 54). To solve this only one IGBT in a leg is closed at a time. This is
accomplished by feeding complementary PWM gating signals to each of the IGBTs in a leg so
that when one IGBT is closed the other is open. When the converter is modulating the upper
IGBTs 1, 3, and 5 are set to “Active High” which causes the pulse value to go from low to high
while the lower IGBTs 2, 4, and 6 are set to “Active Low” which causes the pulse value to go
from high to low. When the converter is not operational both IGBTs in a leg are set to “Active
Low”. On the “Logic” tab the pulldown menu selection for the “Control logic source” option is
“Input port” since the state of the IGBT is based on the converter operational state (Figure 55).

Lleg 1 Leg 2 Leg 3

[}

»
»

oy ey

Figure 54 - Three Phase Full Bridge Converter
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C281x PWM (mask) (link)

Configures the Event Manager of the C281x DSP to generate
PWM waveforms.

| Timer | Outputs ‘ Logic | Deadband | ADC Control ‘

Control logic source: llnput port ']

[ OK H Cancel H Help ] Apply

Figure 55 - PWM IGBT Control

To further avoid the short-circuit hazard of having both IGBTs on at the same time a
time delay or deadband between the PWM signals is required in order to allow one of the IGBTs
of a leg to fully turn “off” before the other IGBT in the leg is turned “on”. The “Deadband
prescaler” multiplied by the “Deadband period” sets the total deadband in clock cycles (Figure
56). Since the gate driver circuit and IGBT datasheet are unavailable the deadband was set to 2
microseconds. The “IGBT” datasheet would indicate the delay time and having an

understanding of the propagation delay of the gate driver circuit would aide in determining a
more appropriate deadband.

4 Sink Block Parameters: PWM_J [

|| C281x PWM (mask) (link)

Configures the Event Manager of the C281x DSP to generate
PWM waveforms.

| Timer | Outputs | Logic | Deadband = ADC Control

Use deadband for PWM1/PWM2
Use deadband for PWM3/PWM4
Use deadband for PWM5/PWME

Deadband prescaler: [8

Deadband period source: [Speafy via dialog

Deadband period: [5

[ 0K H Cancel H Help ] Apply

Figure 56 - PWM Deadband
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5.2.3. ADC

The ADC cannot be synchronized with the PWM when it is in cascaded mode. Cascaded
mode refers to the situation where a single ADC block is used for both modules A and B (Figure
57). However, asynchronous PWM is sufficient for this application since the ratio of the
switching frequency to fundamental frequency is greater than 21 [4, pp. 208,226]. The
“ADCA_PQ” and “ADCB_PQ” subsystems in Figure 57 improve the accuracy of the 12-bit
analog-to-digital converter by correcting the ADC offset error.
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B5

ADC
B6
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ADCB_PQ

Figure 57 - "PQ" Converter ADC

5.2.4. Space Vector PWM
The contents of the “SVPWM” subsystem in Figure 52 provide the overview of the space
vector modulation scheme as shown in Figure 58 [32].
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Figure 58 - Space Vector PWM

The converter voltage reference defined in the af stationary reference frame is expressed as a

space vector in (126) with magnitude (127) and angle (128) defining this voltage space vector.

*

Ve =V, + jVog (126)

v: v:az +v:62 (127)

0=tan Y6 (128)
Vca

The “SectorSelection” subsystem in Figure 59 uses the angle of the voltage space vector to
determine which of the 6 possible sectors from Table 13 in which the converter voltage
reference could be located in. The “sector selector” multi-port switch defines the maximum
duty time of the upper IGBT in each leg dependent upon the sector that is selected.
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Figure 59 - SVPWM Sector Selection
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Sector Degrees Radians
T
1 0°< 8 <60° 0<9S§
2
2 60° <0 <120° —<0£—ﬂ
3 3
3 120° < 6 < 180° —<0<T
4
4 180° < § < 240° n<es?”
5 240° < 0 <300° 4_7T<035_71'
3 3
6 300° < 6 < 360° 5—n<032n

3

Table 13 - SVPWM Sectors

For a two-level converter there are 8 possible switching states with 6 active stationary

voltage vectors that establish the boundaries of the sectors in Table 13 along with 2 zero

voltage vectors. In linear mode of operation the space vector representation of the converter

voltage reference can be synthesized in each sector by using the two nearest active voltage

vectors that serve as sector boundaries for where the space vector resides as well as a single

zero voltage vector. The duration time for the two active voltage vectors and one zero voltage

vector must be known in order to produce a vector sum that would equal the converter voltage

reference. The duration times are calculated with the “XYZ Calc” subsystem as shown in Figure
60. The “X” and “Y” are the calculated duration times for the active voltage vectors with the
remainder “Z” being the duration time of the zero voltage vector.
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Figure 60 - SVPWM XYZ Calculation
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5.2.5. Phase-Locked Loop

The PLL in Figure 61 establishes the estimated grid angle from the grid voltage as
described in Chapter 2.6. The base grid frequency is the steady-state value of the control signal

when added to the Pl controller output deviation variable results in the actual control signal the
estimated grid frequency.
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Figure 61 - Phase-Locked Loop

The “Integrator” subsystem in Figure 62 integrates the estimated grid frequency to determine
the estimated grid angle.
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Figure 62 - Integrator for PLL

The if-else subsystems in Figure 63 are used to reset the estimated grid angle after each cycle.
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Figure 63 - PLL Integrator If Else Subsystems
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5.2.6. Coordinate Transformations

Voltage oriented control requires the transformation of the voltages and currents from

the abc stationary reference frame to the dg synchronous reference frame as described in

Chapter 2.2.1(Figure 64).
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Figure 64 - Transformation from ABC to Alpha-Beta to Direct-Quadrature

Initially the three-phase quantities are adapted from the abc stationary reference frame to the

af} stationary reference frame using the Clarke transformation as shown in Figure 65.
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Figure 65 - Clarke Transformation

Then the two-phase quantities are converted from the off stationary reference frame to the

dg synchronous reference frame using the Park transformation as shown in Figure 66.
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To realize space vector modulation the converter voltage reference in the dg synchronous

Figure 66 - Park Transformation

reference frame must be transformed to the aff stationary reference frame using the inverse

Park transformation (Figure 67).
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5.2.7. Tustin Proportional Integral Controller with Anti-Windup

Upper and lower thresholds are imposed on the continuous-time domain Pl controller
output with the addition of a limit block as shown in Figure 68. Integrator windup is avoided by
calculating the error between the Pl controller output and imposed limit. When the controller
output has not reached the limit the anti-windup feedback has no effect on the controller.
However, when the limit has been reached feeding this error back to the integrator through the
anti-windup gain forces the error to approach zero which means the Pl controller output is
being kept close to the limit. The anti-windup gain determines how quickly the integrator
windup is reset with a recommended value being the ratio of integral gain to proportional gain
[33, p. 307].

Limit —p-output

error

Figure 68 - Continuous PI Controller with Anti-Windup

By using the backward Euler discretization method, the block diagram representation in Figure
68 designed in the continuous-time domain can be transformed to the discrete-time domain as
shown in Figure 69. As can be seen in Figure 68 and Figure 69 the proportional gain (129) is
exactly the same between the continuous and discrete-time block diagrams. However, the
integral (130) and the anti-windup (131) gains for the discrete-time domain are obtained by
multiplying their respective continuous-time gain by the computational device’s sample time.
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Figure 69 - Discrete Pl Controller with Anti-Windup
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Kp,discrete = Kp (129)

Ki discrete = KiTs (130)
T.

K¢ discrete = = (131)
Tj

The MathWorks Simulink C2000 PID Controller is based on backward difference
integration otherwise known as Euler’s backward differential method which provides a 3%
distortion limit as long as the ratio of sampling frequency to frequency of interest is greater
than 20. Instead a Pl controller based on Tustin integration with anti-windup as shown in
Figure 70 provides a 3% distortion limit as long as the ratio of sampling frequency to frequency

of interest is greater than 10.
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Figure 70 - "PQ" Converter Tustin Pl Controller with Anti-Windup

By applying the Tustin discretization method to the PI controller the continuous-time domain
representation (132) is transformed to the discrete-time domain(133).

K
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5.3. Model-in-the-Loop Simulink Implementation and Testing

Model-in-the-loop testing was completed to ensure proper operation and performance

of the converters prior to deploying the compiled code to the actual project installation. For

the model-in-the-loop Simulink implementation a system-level representation of the actual

project installation was developed with the SimPowerSystems library as shown in Figure 71,
Figure 72, Figure 73, and Figure 74.
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Figure 72 - Three-Phase Two-Level Converter for Model-in-the-Loop Implementation
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Figure 71 - System-Level Representation for Model-in-the-Loop Implementation
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Figure 74 - Gate Driver Signal Generation for Model-in-the-Loop Implementation

The top level subsystem from the “PQ” and “VDC” Simulink implementations were added to the
model-in-the-loop implementation for control of the converters (Figure 75).
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Figure 75 - Model-in-the-Loop Implementation

Since the “PQ” and “VDC” Simulink implementations were developed to interface the
peripherals on the TI C2000 processor the inputs and outputs needed to be rerouted to
interface the system-level model (Figure 76).
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Figure 76 - Model-in-the-Loop Link to "PQ" Converter Simulink Implementation

Prior to running the model-in-the-loop simulation the blocks labeled “P Ref Per-Unit”
and “Q Ref Per-Unit” must be initialized with the desired per-unit amount of Active and/or
Reactive power for the “PQ” converter to deliver and/or consume during operation while the
constant block labeled “VDC Ref Per-Unit” is the DC bus voltage set point for the “VDC”
converter to maintain (Figure 75). After the user requests the model-in-the-loop simulation to
run two dialog boxes will appear. The first dialog box determines if the model uses the three-
phase voltage measurements after each reactor or a single three-phase voltage measurement
between the supply transformer and the isolation transformers (Figure 71). The second dialog
box determines if the model uses symmetrical or asymmetrical regular sampled SVM for the
converters.

Both dynamic and steady-state operation of the converters was examined. The model-
in-the-loop simulation was run with the three-phase voltage measurements after each reactor
using asymmetrical regular sampled SVM for the converter modulation technique. The “PQ”
converter active power reference was set to —0.8 per-unit at unity power factor while the
“VDC” converter was set to maintain a DC bus voltage of 1 per-unit. The DC bus voltage is
initialized in the model to the peak of the grid supply line voltage to simulate the pre-charge
circuit. Due to the amount of inductance in the isolation transformer the harmonics generated
by the converters are only slightly attenuated when measured between the reactor and
isolation transformer. After a short time, the “VDC” converter receives the step command to
maintain a DC bus voltage of 1 per-unit (Figure 77).
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Figure 77 - “VDC” Converter Step at 4860Hz with Double-Edge Asymmetrical Regular Sampled SVM

Then shortly later, the “PQ” converter receives the step command to deliver —0.8 per-unit
active power at unity power factor (Figure 78).
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Figure 78 - “PQ” Supplying -0.8 pu Active Power Step at 4860Hz with Double-Edge Asymmetrical Regular Sampled SVM

Finally after a few seconds the steady-state operation of the converters is examined (Figure 79).
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Figure 79 - “PQ” Supplying -0.8 pu Active Power at 4860Hz with Double-Edge Asymmetrical Regular Sampled SVM

For the second simulation the “PQ” converter reactive power reference was set to —0.8
per-unit at capacitor operation while the “VDC” converter was set to maintain a DC bus voltage
of 1 per-unit. Shortly after the “VDC” converter maintains the DC bus voltage at 1 per-unit, the
“PQ” converter receives the step command to deliver —0.8 per-unit reactive power (Figure 80).

80



DC Bus "PQ" Converter
790 T T T 500 T T
7
785 e 1 O
>
< 0
780 109
®
£
o
775 1
-500
770 b
765 | | 100
3
€ 50
760 1 <
< 0
[0]
n
755 1 8 .50
o
750 . . . -100 . . .
0.8 0.9 1 1.1 0.8 0.9 1 1.1

Figure 80 - “PQ” Supplying -0.8 pu Reactive Power Step at 4860Hz with Double-Edge Asymmetrical Regular Sampled SVM

Once again, after a few seconds the steady-state operation of the converters is examined
(Figure 81).
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Figure 81 - “PQ” Supplying -0.8 pu Reactive Power at 4860Hz with Double-Edge Asymmetrical Regular Sampled SVM
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5.4. Simulation vs. Analytical Harmonic Spectrum

The spectrum of harmonic voltages generated by the “PQ” converter was obtained
using the FFT Analysis Tool from the MATLAB environment in Figure 82 and analytically as
described in Chapter 3.7 using numerical integration in Figure 83. The model-in-the-loop
simulation was run with the three-phase voltage measurements after each reactor using
symmetrical regular sampled SVM for the converter modulation technique at a switching
frequency of 4860Hz as determined in Chapter 3.7. Eight modes of operation were examined
for the “PQ” converter, but as previously determined the highest magnitude harmonics with
the lowest harmonic order were generated when delivering reactive power. The spectrum of
harmonics obtained after the simulation by applying a Fourier transform on the signals of
interest matched very closely to the harmonics predicted with the analytical technique
approximated with a numerical method to solve the complicated integrals.
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Figure 82 - Model-in-the-Loop Simulation Spectrum of “PQ” Converter Harmonic Voltages at 4860Hz
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Figure 83 - Analytical Spectrum of “PQ” Converter Harmonic Voltages at 4860Hz

The spectrum of harmonic currents generated by the “PQ” converter was obtained
using the FFT Analysis Tool from the MATLAB environment in Figure 84 and analytically using
the rearranged form of (116) in Figure 85.
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Figure 84 - Model-in-the-Loop Simulation Spectrum of “PQ” Converter Harmonic Currents at 4860Hz
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Figure 85 - Analytical Spectrum of “PQ” Converter Harmonic Currents at 4860Hz
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6. Experimentation

After the model-in-the-loop testing showed the converter control schemes provided proper
operation and performance, the compiled C code for the TI C2000 processors was downloaded
to the GP-DSP boards for repeating the same tests with the project installation. The figures
presented in Chapters 6.2 through 6.4 were captured with a Yokogawa WT1800 power analyzer
with the harmonic measurement option installed (Figure 14). Up to the 500" harmonic can be
digitally captured with the power analyzer; however the width of the measurement window for
the Discrete Fourier Transform is limited to a single cycle of the grid. The figures in Chapter 6.3
with a converter switching frequency of 4860Hz were taken with the Yokogawa 300 kHz analog
line filter enabled to prevent aliasing since the harmonics from these recordings were examined
in Chapter 6.4. Symmetrical regular sampled SWM was utilized by the converters.

6.1. Converter Testing with Tl CC Studio GUI Composer

To determine how to set the PWM channel settings for the converter, a TI CC Studio GUI
Composer application in Figure 86 was developed and used to control the individual legs of the
converter in real-time (Figure 87).

<7 GUI Composer™ 53 =8
Main Sec Ex Graph Graph2 B
ADCINAO_(Vinta1) @ U_volts %] ADCINBO_(ViniB1) @ NA ]
ADCINAL_(Vinza1) (@ _volts %] apcinei_(vinzet) (@ NA %]
ADCINAZ_(Vin3A1) (%] W_volts [x] ADCINB2_(Vin3B1) (%] NA [x]
ADCINA3_(Iin1A1/P8) @ U_amps_(Rhino) & ADCINB3_(Iin1B1/P8) @ V_amps_(Rhino) @
ADCINA4_(Tin2A1) o P_Reference ] ADCINB4_(linzB1) @ Available ]
ADCINAS_(Iin3A1) (] Q_Reference [x] ADCINBS_(lin3B1/P8) @ w_amps_(Rhine) @
ADCINAG o 2.5VDC_Supply [ ADCINBS_(VINI/PE) @ DC_Bus ]
ADCINA7 (] 1.5WDC_supply @ ADCINB7_(P6/P8) (<] Temperature <]
Accumulated_Time (x] Drive_Enabled & Modindex & m
5152_DutyCycle ] 5354_DutyCycle [@ 5556_DutyCycle ]

Figure 86 - Tl CCStudio GUI Composer Application
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Figure 87 - 1% and 50% Reference to PWM Module A Leg 1
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6.2. “VDC” Converter Steady-State and Dynamic Responses

The “VDC” converter maintains a constant DC bus voltage of 784 volts during no load
operation at a switching frequency of 4500Hz (Figure 88). The “Element 2 V2” purple trace
represents the DC bus voltage and the “Element 1 V1” yellow trace represents the phase A
voltage measured between the “VDC” converter reactor and isolation transformer. The
harmonics generated by “VDC” converter also appear on the “Element 3 V3” red trace
representing the phase A voltage measured between the “PQ” converter reactor and isolation
transformer.

Normal Mode(Trg) Peak Over Integ: Reset YOKOGAWA ¢
Scaling Line Filter Time e PLL1:OE 60.010 Hz

AVG Freq Filter= PLLZ: 60.017 Hz
(1] . CF:3
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600V
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13 504

Sync Src:[H

12 -100.0 &

13 100.0 A

Aux

20V
13 ~100.0 & Ch2  20v

0.000s << 1602 (p-p) >> 90.000ns
Update 20 ( b0msec) PQVDCOIdI0 2016/09/11 17:18:17

Figure 88 - "VDC" Converter Operating at No Load at 4500Hz

One cycle after the DC bus is pre-charged by the diode rectifier and current-limiting
resistors; a 1 pu DC voltage step change is commanded and achieved by the “VDC” converter as

shown in Figure 89 and Figure 90.
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Figure 89 - “VDC” Converter Step Change at 4500Hz (100ms Window)
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Figure 90 - “VDC” Converter Step Change at 4500Hz (200ms Window)
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6.3. “PQ” Converter Steady-State and Dynamic Responses

The eight possible modes of steady-state operation for the “PQ” converter were
examined with 0.8 pu of complex power flow introduced by the “PQ” converter in each case.
For the Yokogawa recordings taken the “Element 2 V2” purple trace represents the DC bus
voltage and the “Element 1 V1” yellow trace represents the line AB voltage measured at the
output of the “VDC” converter. The “Element 1 11” green trace and “Element 2 12” blue trace
represent the “VDC” converter phase A and B currents. The “Element 3 V3” red trace
represents the line AB voltage measured at the output of the “PQ” converter and the “Element
3 13” orange trace represents the “PQ” converter phase A current. Each recording has a
duplicate figure with the line voltages removed for closer examination of the current. The
switching frequency of the converters was fixed at 4860Hz during testing.

The “PQ” converter supplies -0.8 pu of active power at unity power factor as shown in
Figure 91 and Figure 92. The “PQ” converter consumes 0.8 pu of active power at unity power
as shown in Figure 93 and Figure 94. The “PQ” converter supplies -0.8 pu of reactive power at
capacitor operation as shown in Figure 95 and Figure 96. The “PQ” converter consumes 0.8 pu
of reactive power at inductor operation as shown in Figure 97 and Figure 98. The “PQ”
converter consumes 0.57 pu of active power and 0.57 pu of reactive power as shown in Figure
99 and Figure 100. The “PQ” converter consumes 0.57 pu of active power and supplies -0.57 pu
of reactive power as shown in Figure 101 and Figure 102. The “PQ” converter supplies -0.57 pu
of active power and -0.57 pu of reactive power as shown in Figure 103 and Figure 104. The
“PQ” converter supplies -0.57 pu of active power and consumes 0.57 pu of reactive power as
shown in Figure 105 and Figure 106.
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Figure 91 - "PQ" Supplying -0.8 pu Active Power at Unity Power Factor at 4860Hz

Normal Mode Peak Over Integ: Reset
Scaling Line Filter=  Time —
AVG Freq Filter=
T 1000 A

Flement 1 [EH
U1 600V
11 50A
Sync Src:[H

Element 2 [IZH
GO0V

12 H0A

Sync Src:M

11 7100.0 & Element 3 [I

NANANNAAANAN LS

LVTVVVVVUY

13 100.0 &

Aux
5V
Gh2 5V
[} -100.0%h
0.000s << 1602 {p-p) >> 200.000ms

Update 28 (200msec) POVDCOId90 2017/01/14 15:58:44

Figure 92 - "PQ" Supplying -0.8 pu Active Power at Unity Power Factor at 4860Hz without Line Voltages
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Figure 93 - "PQ" Consuming 0.8 pu Active Power at Unity Power Factor at 4860Hz

Normal Mode Peak Over Integ: Reset YOKOGAWA ¢
Scaling Line Filter®  Time e PLLI:IE  60.012 Hz
AVG Freq Filter= PLL2:[E  60.012 Hz
CF:3
Element 1 [0
U 6o0v
1 504
Sync Src:[l

Element 2 [IZH
GO0V
12 504
Sync Src:M

11 -100.0 & Element 3 [
100.0 4

NN AN AN AANANA A

AN

2 -100.0 A

13 100.0 A

Aux
oY
Gh2 5v
0.0
0 [ << 1602 (p-p) >> 200.000ns

Update 64 (200msec) PQVDCOIdI0 2017/01/14 15:52:11

Figure 94 - "PQ" Consuming 0.8 pu Active Power at Unity Power Factor at 4860Hz without Line Voltages
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Figure 95 - "PQ" Supplying -0.8 pu Reactive Power at Capacitor Operation at 4860Hz
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Figure 96 - "PQ" Supplying -0.8 pu Reactive Power at Capacitor Operation at 4860Hz without Line Voltages
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Figure 97 - "PQ" Consuming 0.8 pu Reactive Power at Inductor Operation at 4860Hz
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Figure 98 - "PQ" Consuming 0.8 pu Reactive Power at Inductor Operation at 4860Hz without Line Voltages

92
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Figure 99 - "PQ" Consuming 0.57 pu Active and 0.57 pu Reactive Power at 4860Hz
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Figure 100 - "PQ" Consuming 0.57 pu Active and 0.57 pu Reactive Power at 4860Hz without Line Voltages
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Figure 101 - "PQ" Consuming 0.57 pu Active and Supplying -0.57 pu Reactive Power at 4860Hz
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Figure 102 - "PQ" Consuming 0.57 pu Active and Supplying -0.57 pu Reactive Power at 4860Hz without Line Voltages
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Figure 103 - "PQ" Supplying -0.57 pu Active and -0.57 pu Reactive Power at 4860Hz
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Figure 104 - "PQ" Supplying -0.57 pu Active and -0.57 pu Reactive Power at 4860Hz without Line Voltages
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Figure 105 - "PQ" Supplying -0.57 pu Active and Consuming 0.57 pu Reactive Power at 4860Hz
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Figure 106 - "PQ" Supplying -0.57 pu Active and Consuming 0.57 pu Reactive Power at 4860Hz without Line Voltages

96



Once again, the eight possible modes of steady-state operation for the “PQ” converter
were examined with 0.8 pu of complex power flow introduced by the “PQ” converter but with
the switching frequency reduced to 4500Hz. For the Yokogawa recordings taken the “Element
2 V2” purple trace represents the DC bus voltage and the “Element 1 V1” yellow trace
represents the phase A voltage measured between the “VDC” converter reactor and isolation
transformer. The “Element 1 11” green trace and “Element 2 12” blue trace represent the “VDC”
converter phase A and B currents. The “Element 3 V3” red trace represents the phase A voltage
measured between the “PQ” converter reactor and isolation transformer while the “Element 3
I13” orange trace represents the “PQ” converter phase A current. Each recording is
accompanied by a screen shot of the measurements screen on the Yokogawa. The harmonics
that appear on the phase voltage measurements generated by the converters are only slightly
attenuated since the measurement is between the reactor and isolation transformer.

The “PQ” converter supplies -0.8 pu of active power at unity power factor as shown in
Figure 107 and Figure 108. The “PQ” converter consumes 0.8 pu of active power at unity power
as shown in Figure 109 and Figure 110. The “PQ” converter supplies -0.8 pu of reactive power
at capacitor operation as shown in Figure 111 and Figure 112. The “PQ” converter consumes
0.8 pu of reactive power at inductor operation as shown in Figure 113 and Figure 114. The
“PQ” converter consumes 0.57 pu of active power and 0.57 pu of reactive power as shown in
Figure 115 and Figure 116. The “PQ” converter consumes 0.57 pu of active power and supplies
-0.57 pu of reactive power as shown in Figure 117 and Figure 118. The “PQ” converter supplies
-0.57 pu of active power and -0.57 pu of reactive power as shown in Figure 119 and Figure 120.
The “PQ” converter supplies -0.57 pu of active power and consumes 0.57 pu of reactive power
as shown in Figure 121 and Figure 122.

The dynamic response to a step change commanded to the “PQ” converter to supply
active power was examined. One cycle after the “VDC” converter maintains the DC bus voltage
at 1 pu during no load operation; a -0.8 pu active power step change is commanded and
achieved by the “PQ” converter as shown in Figure 123 and Figure 124.
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Figure 107 - "PQ" Supplying -0.8 pu Active Power at Unity Power Factor at 4500Hz
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Figure 108 - Measurements of "PQ" Supplying -0.8 pu Active Power at Unity Power Factor at 4500Hz
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Figure 109 - "PQ" Consuming 0.8 pu Active Power at Unity Power Factor at 4500Hz
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Figure 110 - Measurements of "PQ" Consuming 0.8 pu Active Power at Unity Power Factor at 4500Hz

99



Normal Mode(Trg) Peak Over Integ: Reset YOKOGAWA ¢
Scaling Line Filter [ : PLL1:00 60.006 Hz
AVG Freq Filter= PLLZ: 60.006 Hz
UT 900.0 ¥ CF:3
10004 Element 1 [0
U 300
[1 504
Sync Src: [

Jllmm mmm Hﬂ Elemeg}] 02\.' i1

12 504
Sync Src:

Element 3
300v

13 504

Sync Src:M

Hh

‘.H‘ﬂliwmwiihw "hnmmml'!“"' ull MW i, """Yiﬂmm“"'

At o e

Aux
20V
131 ~100.0 & Ch2 2%

0.000s << 1602 (p-p) >> 50.000ms
Update 27 ( 50msec) PQVDCOIdI0 2016/09/05 18:19:03

Figure 111 - "PQ" Supplying -0.8 pu Reactive Power at Capacitor Operation at 4500Hz
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Figure 112 - Measurements of "PQ" Supplying -0.8 pu Reactive Power at Capacitor Operation at 4500Hz
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Figure 113 - "PQ" Consuming 0.8 pu Reactive Power at Inductor Operation at 4500Hz
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Figure 114 - Measurements of "PQ" Consuming 0.8 pu Reactive Power at Inductor Operation at 4500Hz

101



Peak Over

Normal Mode(Trg) Integ: Reset

Line Filter Time

Freq Filter=

Scaling
AVG

U1
"

900.0 ¥
100.0 A

u -HWWW 4||WW ""MMW' 4||Wju 4II\MWIU' i

11 -100.0 4
U1 -900.0 ¥

12

>

100.0 A

’ m"m ety
2

M“WW ’WWMW

QA

<< 1602 (p-p) >> 50.000ms

PQVDCOIdI0

f i

*M’W

7,
5| Iﬂll"
"
42 ( 50msec)

13 -100.0 &
0.000s
Update

YOKOGAWA 4

PLL1:M  59.993 Hz
PLL2: 59.995 Hz

CF:3
Flement 1 =0
U1 300v

[1 b0A
Sync Src:[H

Element 2 [IZH
GO0V
12 504
Sync Src:M

Element 3
300v
13 504
Sync Src:M

o0

Aux
Ch2 20V

2016/09/05 18:57:24

Figure 115 - "PQ" Consuming 0.57 pu Active and 0.57 pu Reactive Power at 4500Hz
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Figure 116 - Measurements of "PQ" Consuming 0.57 pu Active and 0.57 pu Reactive Power at 4500Hz
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Figure 117 - "PQ" Consuming 0.57 pu Active and Supplying -0.57 pu Reactive Power at 4500Hz

Normal Mode(Trg) Peak Over Integ: Reset YOKOGAWA ¢
Scaling Line Filter i S PLL1:00 59.985 Hz
AVG Freq Filter= PLL2: 59.980 Hz

CF:3

EIEHeneM  Element 2  Element 3 Uﬁlemera%gvmm

[ 297.78 |[ 78051 |[ 26799 (I
1128 || s6a25 |[ 12461 | E=E
[ 11.048 [ 11104 |[_7.716 s

Sync Src:[
v 1 0.23 780.51 0.04

t 1 [-0.9647 |[-0.0075 || 0.7092 |
w1 [ -10.7134 [ -02134| [ 11.512
warl | -2.923 1 [ -28.301 k| [ -11.443 «
w1 | 11.1054 [ 28.302«| | 16.231 «

Aux

20V
Ch2 20V

Update 26 ( 50msec) PQVDCOIdI0 2016/09/05 18:42:30

Figure 118 - Measurements of "PQ" Consuming 0.57 pu Active and Supplying -0.57 pu Reactive Power at 4500Hz
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Figure 119 - "PQ" Supplying -0.57 pu Active and -0.57 pu Reactive Power at 4500Hz
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Figure 120 - Measurements of "PQ" Supplying -0.57 pu Active and -0.57 pu Reactive Power at 4500Hz
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Figure 121 - "PQ" Supplying -0.57 pu Active and Consuming 0.57 pu Reactive Power at 4500Hz
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Figure 122 - Measurements of "PQ" Supplying -0.57 pu Active and Consuming 0.57 pu Reactive Power at 4500Hz
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Figure 123 - “PQ” Supplying -0.8 pu Active Power Step at 4500Hz (50ms Window)
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Figure 124 - "PQ" Supplying -0.8 pu Active Power Step at 4500Hz (200ms Window)
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6.4. Measured vs. Analytical Harmonic Spectrum

Harmonics were measured during the steady-state operation of the “PQ” converter
while operating at a switching frequency of 4860Hz. The harmonic voltages and currents
generated by the converter were captured on the Yokogawa power analyzer with the major
sideband harmonics shown in Figure 126 and Figure 128. The predicted voltage harmonic
spectrum generated by the converter was obtained using (117), Table 3, and a numerical
method to approximate the integrals with the major sideband harmonics shown in Figure 125.
The predicted current harmonic spectrum generated by the converter was obtained using a
rearranged form of (116) with the major sideband harmonics shown in Figure 127.
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Figure 125 - Analytical “PQ” Converter Voltage Harmonic Spectrum at 4860Hz
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Figure 126 - Measured “PQ” Converter Voltage Harmonic Spectrum at 4860Hz
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Figure 127 - Analytical “PQ” Converter Current Harmonic Spectrum at 4860Hz
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Figure 128 - Measured “PQ” Converter Current Harmonic Spectrum at 4860Hz
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7. Conclusion

Examination of the harmonics showed consistent performance of the converters beginning
with the analytical calculations, to the system-level model simulation, and finally with the
project implementation. With the simplified models of the system transfer functions using the
modulus and symmetrical optimum tuning techniques to establish baseline controller gains
along with the substitution technique to determine the tradeoff between stability and
bandwidth led to the proper selection of controller gains for the system. Detecting the grid
voltage angle with the combination of the PLL and MFB analog filter for the voltage feedback
measurement between the reactor and isolation transformer provides satisfactory
performance even though the voltage harmonics are only slightly attenuated. Elimination of
the AC capacitors by selecting the minimum required switching frequency to meet IEEE 519-
2014 is an acceptable solution as long as the duty cycle of the converter is well understood as
to not to exceed the thermal margins of the IGBTs. The analytical calculation for the voltage
harmonic spectrum proved to be accurate in estimating the measured converter produced
harmonics, however additional research and testing is required to accurately predict the
current harmonic spectrum.
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Appendix A: Per Unit Values

[34, pp. 426-429]

Base Values for Converter AC-Side

Quantity Symbol & Equation Description
3
Power P, = Evblb VA Rating of converter
Voltage V, = Vphase Amplitude of line-to-neutral nominal voltage
2P,
Current lp = EVA Amplitude of nominal current selected
b
V,
Impedance Z,=-2
Iy
Capacitance b Z,0,
Zp
Inductance Ly=—=
@y
Frequency 0,=0, Grid frequency rad/sec.

Actual Values for Converter AC-Side

Inductance L=Lyl,,
Resistance R=Z,R,,
Grid Voltage

’ Vg =WV
d-axis gd =~ VbVgd,pu
Grid Voltage

’ Vog =VpV,
g-axis 9q9 ~ “b“gq,pu
Converter LU
Voltage, d-axis cd = YbYed,pu
Converter

Veg = vacq,pu

Voltage, g-axis

Grid Current,
d-axis

lgg = Ib’gd,pu

Grid Current,
d-axis

i9g =blgq,pu

Frequency

= Coba)pu
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Base Values for Converter DC-Side

Power Py dc =Vb,dclb,dc =Fp AC and DC Side Power are equal
Voltage Vo,dc =2V
3
Current lpgc ==1p
’ 4
8
Impedance Ry, dc =§zb
. 3
Capacitance Ch de :§Cb
8
Inductance Lp ge = ng
Actual Values for Converter DC-Side
Capacitance Cac =Cb,acCo,pu
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Appendix B: Coordinate Transformations

[32]
- _fa
fa __fﬂ:|
- [
qu__qu|
- d -
gaﬂzafaﬂ
_d[4
dt fﬂ
_d |[cosp —sing | fy
T dt sing  coso || fy
[cosp  —sing |
| sing COS(p_gdq
_[cose —sin(o_i fy +(a) " )cosgo
| sing  cosg |dt| f, 9" sing
. d -
gdq Equ
cos—
:i{fd}+(a)dq—a)aﬂ)
dt| fo sin—
fa+fb+fczo
1 1
fal_2 )
fsl 3y BB B
2 2
fa
=M, | f,
fe

—sing
cos@

|

T T
cos— —sin—
2

T
sin— cos—
2 2

|

fa
Tq

|



fy | cosp  sing f,
Iy | —sinp cose fp
=M fa
=M, f,

1, _|cosp  —sing fy
fp | sing cosg I
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Appendix C: Modulus Optimum
Magnitude Optimum [7, p. 166]

Gap = hereT, >T.
Bo (1+5T1)(1+5T2)W erefi=l

— Tl
Pk,

]
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Appendix D:

Proportional-Integral Controller Forms
K.
Gpi,forml = Kp +?I

K

K
— p . _ P
=K, +—L .. T,=-L

Tk

i

sT.

]

Ky
Ko  Ti
S S
_ stT, +Kp

sT.

1
K 1+sT;

i,form2 =
pi, f p ST,

G

K
1+s—F
K;
[

S

Gpi ,form3 =
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Appendix E: Discretization Methods

[31, p. 51]
Method Z-Form 3% Distortion Limit
z-1 fs
Backward Euler S=——mo =>20
zT,
z-1 fs
Forward Euler S=——m =>20
TS
Tustin 2 7.1 f.
(Trapezoidal) S=——> =>10
o T. z+1
(Bilinear) s
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Appendix F: Delta/Wye Transformer Equivalent Circuit

Primary and Secondary Winding Resistance [per- 3 Ry,
unit] Ri,pu =Ropu = 5
Primary and Secondary Winding Reactance [per- B B Xpu
unit] X1pu = X2, pu = 5
Primary and Secondary Winding Inductance [per- . _, B Xpu
unit] Lpu = 2,pu =
2
Base Primary Winding Resistance and Reactance _ B 3Vb,primary xfmr
[ohms] R, primary = Xb,primary = Sox
Xfmr
. T . _ Xb,primary
Base Primary Winding Inductance [henries] Ly primary _W
2
Base Secondary Winding Resistance and Reactance _ Vb secondary xfmr
[ohms] Rb,secondary =X b,secondary — S—
b,xfmr

Base Secondary Winding Inductance [henries]

L _ X b,secondary
b,secondary —

2rf
Primary Winding Resistance [ohms] Ry =Ry, primaryR1,pu
Primary Winding Leakage Reactance [ohms] X1 = Xp,primaryX1,pu
Primary Winding Leakage Inductance [henries] L =Ly primaryla pu
Secondary Winding Resistance [ohms] Ry =Ry secondaryR2,pu
Secondary Winding Leakage Reactance [ohms] Xy = Xp secondaryX2,pu
Secondary Winding Leakage Inductance [henries] Ly =Ly secondaryl2,pu

Table 14 - Delta/Wye Primary and Secondary Transformer Equivalent Circuit Equations
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Magnetization Series Resistance [ohms]

Plosses, no /oa%
R 3

m,series — /2
no load

Magnetization Series Impedance [ohms]

Z . = Y%
m,series |
no load

Magnetization Series Reactance [ohms]

_ 2 2
X m,series — \]i Z m,series Rm,series

2 2
(Rm,series +X m,series )

Magnetization Resistance [ohms] R, =
Rm,series
2 2
RE . X )
Magnetization Reactance [ohms] X, :( mseries |~ misenes
Xm,series
Magnetization Inductance [henries] m :ﬂ
T
Rm
Magnetization Resistance [per-unit] Rm,pu = R
b,primary
Xm
Magnetization Reactance [per-unit] mpu = X
b,primary
Lm
Magnetization Inductance [per-unit] Lo pu = |
b,primary

Table 15 - Delta/Wye Transformer Magnetization Equivalent Circuit Equations
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