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Figure 4.1. PLECS diagram of scaled notional multi-bus MVDC distribution system

An additional converter connected to the system, labeled PRBS Converter in
Figure 4.1, is used as a perturbation source to excite each system bus individually with a
14-bit (16,383 terms) 20 kHz PRBS signal and allow for wideband measurements of the
bus impedances while the system is operating in steady-state. This converter sinks only a
few percent of the nominal system operating power (12 W or approximately 2.5%) such
that interaction of its impedance with the system bus impedances, which may lead to
unintentionally reduced damping, is avoided. The PRBS converter is a full-bridge buck
converter that uses a unipolar modulation scheme, effectively doubling the ripple current

frequency to 40 kHz (20 kHz switching frequency). The current injected into the system
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Figure 4.7. Bode plot of simulated Scenario 2 bus self-impedance Zys.11 hon-parametric estimation
and analytic model for system operating under FB and FFFB control.

Figure 4.8. Bode plot of simulated Scenario 2 bus self-impedance Z,,s.1, hon-parametric estimation
and analytic model for system operating under FB and FFFB control.
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Magnitude of Estimated Bus Impedance - Zbus_21(s) (Scenario 2)
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Figure 4.9. Bode plot of simulated Scenario 2 bus self-impedance Zys.,; hon-parametric estimation

and analytic model for system operating under FB and FFFB control.
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Figure 4.10. Bode plot of simulated Scenario 2 bus self-impedance Zy,s.,, non-parametric estimation

and analytic model for system operating under FB and FFFB control.
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Lightly damped oscillations on Bus 2 in response to a step change in the VSI
output voltage reference from 18.26 Vpk to 36.51 Vpk (50% to 100% full output voltage)
are observed via time domain simulation of the system operating under FB control only,
Figure 4.11. This behavior is expected, as the previous analysis showed that the Bus 2
Nyquist contour extended past the AIR boundary set for a minimum damping factor of
{min = 0.5. In the FFFB control case, these oscillations are well damped, as the virtual
damping impedance dominates the bus impedance behavior about the resonance. Note
that the oscillations present on Bus 1 when the system is operated with FB control only
are also more damped when the PFF control is implemented, such that the dynamic

response of both buses is significantly improved.
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Figure 4.11. Time domain simulation of Scenario 2 MVDC bus voltages under (blue) FB control only
and (red) FFFB control during BKL voltage reference step.
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4.2 EXPERIMENTAL RESULTS

The scaled notional multi-bus MVDC power system depicted in Figure 4.1 was
constructed in the laboratory for the experimental validation. A picture of the physically
constructed system is shown in Figure 4.12. The switching converter hardware consists of
custom-built, modular power IGBT switch boards and sensing/IO boards that enable a
flexible configuration for testing different converter designs and control strategies. The
output filter stages for all converters consist of custom wound powdered iron core
inductors and off-board electrolytic capacitors. A close up picture of the PRBS converter
highlights the power switches, sensing board, and external converter components in

Figure 4.13.

LabView
Computer for
Source Buck Wideband
Converter Impedance
Identification
Intermediate
Buck
Converter
I&oad BL:Ck PRBS
onverter Converter
Load
VSI
Power Source

Figure 4.12. Experimental test setup for scaled notional MVDC power distribution system as built in
the laboratory.
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for Impedance ID
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Figure 4.13. Experimental PRBS converter hardware showing power module, sensing board

connections, and output filter as well as LabView sensing board and 1/O for wideband impedance

identification.

Discrete control of the BKS, BKI, and PRBS converters is accomplished using Tl

TMS320F28335 DSP control cards mounted on custom designed control interface and
sensing boards. The control cards for each converter are programmed with the discretized
multi-loop PI control strategy as well as a simple anti-windup scheme to prevent
overflow of the voltage and current loop integrators during operation. The PRBS
converter contains the additional method for performing the PRBS perturbation for the
wideband impedance identification. A 14-bit PRBS test signal is internally generated and

fed into the duty cycle command of the converter as a 12% perturbation. The injection
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results in a modulation of the PRBS converter’s input current, which is drawn from the
distribution system bus and excites the system bus impedances. For measurements of
Znus-11, the PRBS converter is directly connected at its input to Bus 1 and voltage Vyus1
and the injection current are recorded. Measurements of Zp., are accomplished by
connecting the PRBS converter input directly to Bus 2 and capturing Vpys-2 variations
along with the injection current.

Due to the limited memory and ADC resolution of the TMS320F28335, the TI
controller and PRBS converter are used in conjunction with a National Instruments (NI)
PCI-6259 data acquisition board for measurement of the perturbed bus voltage and
current signals. The voltage and current signals are oversampled at 480 kHz using two
single-ended 16-bit ADCs. Preliminary post-processing of the collected time domain
perturbation data is carried out by a custom NI virtual instrument (V1), providing plots of
the acquired voltage and current Fast Fourier Transform (FFT) spectra and the estimated
non-parametric impedance, Figure 4.14. The VI exports the current and voltage time
domain data to comma separated value (CSV) text files for further processing. Parametric
impedance models are constructed in MATLAB by first thinning the data logarithmically
and processing with a Least Squares Fitting algorithm. This process is further detailed

later in the chapter.
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Figure 4.14. Wideband impedance identification LabView Virtual Instrument Front Panel showing
preliminary voltage and current FFT results and constructed non-parametric impedance.

The BKL and VSI converters are both discretely controlled using two separate
dSPACE DS1104 DSP-based rapid control prototyping platforms [41]. Software
provided with this system augments the standard Simulink library with specialized real-
time control blocks for interface connections, pulse width modulation (PWM), and event
handling. The Real-Time Interface for dASPACE compiles the Simulink block diagram
into code that is then executed in real-time on the slave DSP microprocessor [42]. The
Simulink block diagrams for the BKL and VSI converters are depicted in Figure 4.15 and

Figure 4.16 with the required blocks for real-time operation highlighted.

85



BED95 A

Real-Time

Voltage and
Current
Sensing

PFF

¥ Controller

ual Switeht

Froma

Man

}

Voltage
Controller

Fromd

Curr
Contr

it ot
]

Interrupt

PWM
Generator

Dty oyele

Dty cycle b

louty eycle o

P stop

Ti0aL_Der_pwn

ent

oller BT

From1

e

Fromz

Voltage/Current
- )
Protections

Figure 4.15. Control algorithm for load buck converter (BKL) implemented in Simulink using
dSPACE block-set.
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Figure 4.16. Control algorithm for voltage source inverter (VSI) implemented in Simulink using
dSPACE block-set.
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The compiled control block diagrams for both the BKL and VSI are controlled
through the dSPACE ControlDesk software, which provides tools for monitoring the
converter voltage, current, and control variables as well as taking in user inputs for
changing the converter setpoint and control configurations. The ControlDesk layouts for

both converters are shown in Figure 4.17 and Figure 4.18.
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Figure 4.17. dSPACE ControlDesk layout for load buck converter (BKL).
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Figure 4.18. dSPACE ControlDesk layout for load voltage source inverter (VSI).

The following sections present the experimental results for the described
laboratory test setup. First, the analytically designed PFF control is evaluated in the
frequency and time domain for stability and performance enhancement of the multi-bus
system. Experimentally obtained impedance identification results are compared to the
analytically derived models using the unterminated two-port modeling technique for both
the FB and FFFB controlled system in both Scenarios. The performance improvement is
validated in the time domain for the same step disturbances that were investigated in
simulation. Lastly, the adaptive approach described in Chapter 3 is evaluated for both

Scenarios. The system is treated as a “black-box” for which no system operating
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parameters are initially known. The experimentally obtained impedance identification
results are used in the synthesis of an appropriate PFF control scheme to damp unwanted
bus voltage oscillations. This requires that the non-parametric impedances be fit using a
Least Squares Fitting algorithm [40] to create parametric models that can then be
evaluated using the AIR technique. The results of the adaptive approach are presented in

both the frequency and time domain.

4.2.1 SCENARIO 1—PROMINENT BUSs 1 RESONANCE

In the first set of experimental impedance measurements, the system is operated
under FB control only. The Least Squares Fitting process is detailed in Figure 4.19
through Figure 4.20 for Zpys11rs, including the logarithmic thinning of the non-
parametric data and the creation of a parametric model that will be used later in the
adaptive approach. For all other impedances, only the final parametric model is shown.

Thinning the data by creating a frequency index that is equally logarithmically
spaced deemphasizes potential errors at high frequency due to the high concentration of
data points in the raw non-parametric estimation, Figure 4.19 (red). The total number of
points and frequency bandwidth selected for extraction from the raw non-parametric data
is variable and must be adjusted appropriately to balance between capturing the required
salient features of the impedance and rejecting spurious data points. The “invfreqs”
MATLAB function from the Signal Processing Toolbox is used to fit the thinned non-
parametric data to a candidate transfer function of a user-specified order. The command
returns the numerator and denominator coefficients such that a transfer function is created

that describes the estimated impedance, Figure 4.20 (green).
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Logarithmically Thinned Magnitude of Estimated Impedance Zbus_ll_FB(s) (Scenario 1)
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Figure 4.19. Bode plot of experimental Scenario 1 bus self-impedance Zys.11.rg NON-parametric
estimation and logarithmically thinned data for system operating under FB control only.
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Figure 4.20. Bode plot of experimental Scenario 1 bus self-impedance Z,s.11.rg @analytic model, non-
parametric estimation and fitted, parametric model for system operating under FB control only.
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Magnitude of Experimental Bus Impedance - Zbus—ZZ—FB(S) (Scenario 1)
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Figure 4.21. Bode plot of experimental Scenario 1 bus self-impedance Zy,s.o..rg analytic model, non-
parametric estimation and fitted, parametric model for system operating under FB control only.

The experimental impedance measurements of the system operating under FB
control only show the system bus self-impedances are indeed passive, as was predicted
by the analytic models. Close matching is achieved between the fitted parametric models
created for both bus self-impedances and the respective analytic functions, demonstrating
the validity of the two-port approach for modeling complex interconnected systems as
well as the ability of the wideband impedance identification technique to accurately
identify converter system impedances. A significant resonance is present on Zpys-11-rs, as
predicted analytically and shown in simulation. This dynamic feature is well captured by
the parametric impedance estimation. A slight resonance is also present in Zyys-22-rs, but is
not as pronounced. The parametric model of Figure 4.21 does not capture the phase

information of this dynamic feature very accurately, but otherwise demonstrates excellent

91



matching. This slight discrepancy does not affect the stability analysis and eventual PFF
controller design. The impedance identification results of the system operating with the
PFF controller designed to damp the Bus 1 resonance via implementation within the BKL
converter are shown in Figure 4.22 through Figure 4.23. Since they are unnecessary, no
parametric impedance models are created for these results, as the PFF control design is
based on full system model.

The non-parametric data for Zpysai1-rrrs and Zpus22-rrrs demonstrate  good
matching with the analytic models throughout the observable bandwidth. The designed
PFF controller is shown in Figure 4.22 to damp the Bus 1 resonance such that a more
robust dynamic response can be expected. The resonance on Bus 2 is also shown to be
marginally improved through the action of the PFF control implemented in the BKL
converter, Figure 4.23. The performance improvements shown in the frequency domain
are also confirmed by the time domain results shown in Figure 4.24. The BKL output
voltage reference is stepped from 67 Vpc to 89.44 Vpc (75% to 100% full output
voltage), resulting in a disturbance on Bus 1 and Bus 2. Under PFF control, the system
bus response to this disturbance is shown to be far less oscillatory as a result of the

additional damping.
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Magnitude of Estimated Impedance - Zbus_ll_FFFB(s) (Scenario 1)

40 r r
° | ° .

o % e
% 20 - '.:':. ° p j . e o °
5 3""4 ° ® M ou S ° o ° 0 %
= 0 0g o
g %° %
= RSN

-20 . . s r b r

10 10 10
Phase of Estimated Impedance - Z 1, ~cp(S) (Scenario 1)
100 .'-..
T w e

S 50| RS
(3] ]
=)
® 0 p
‘czg o6
o 0n ®  Estimation

1004 777 Analytic

10' 10° 10°

Frequency (Hz)

Figure 4.22. Bode plot of experimental Scenario 1 bus self-impedance Z,s.11.rrrg @analytic model and
non-parametric estimation for system operating under FFFB control.
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Figure 4.23. Bode plot of experimental Scenario 1 bus self-impedance Z, s, rrrg @analytic model and
non-parametric estimation for system operating under FFFB control.
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Experimental Bus 1 Voltage - BKL Conwerter Reference Voltage Step (Scenario 1)
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Figure 4.24. Experimental time domain results of Scenario 1 AC coupled bus voltages under (blue)
FB control only and (red) FFFB control during BKL voltage reference step.

4.2.2 “BLACK-BOX” SCENARIO 1 —PROMINENT Bus 1 RESONANCE

The following results were obtained by considering the multi-bus system to be a
“black-box” for which no advance knowledge of the system operating parameters is
available. Thus, the control design depends entirely on the obtained wideband impedance
identification results and the subsequently created parametric models. The development
of the PFF control is accomplished using the AIR technique and its effectiveness is
validated in the frequency and time domains.

The parametric models of Zpys11-r8 and Zpus-22-rs are depicted in Figure 4.20 and
Figure 4.21, respectively. The adaptive PFF control design commences by first extracting
the resonant frequencies from each bus self-impedance. Both impedances are then
normalized following the estimation technique of (3.12). The Nyquist contours of the
normalized bus self-impedances are shown in Figure 4.25 (dashed). The AIR analysis

shows that for {min = 0.5, only Zpys-11-re-n €Xtends past the allowable region boundary. As
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a result, the PFF control is designed to be implemented on Bus 1 through the BKL

converter. A summary of the BKL PFF control design is presented in Table 4.1.
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Figure 4.25. Nyquist plot of “black-box” Scenario 1 normalized estimated bus impedances and AIR
(&min = 0.5) for system operating under FB control only (dashed) and FFFB control (solid).

Table 4.1. Normalized Bus 1 Impedance and Adaptive PFF Control Design Summary (Scenario 1)

Parameter Value
fo-bus-11-FB 58.61 Hz
Chus-11-FB 0.302

Zo-bus-11 17.379 Q (24.80 dBQ)
Kn 0.250
{damp 1.000

Zo-gamp 16.458 Q (24.33 dBQ)

The designed damping impedance is equivalent to a virtual RLC damping
impedance in parallel with Zps.1 having R, = 3581 Q, L, = 44.69 mH, and
C,=139.4 pF. To complete the adaptive PFF control design routine, the bus self-

impedances are estimated and parametric models created when the system is operated
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under FFFB control. The results of this estimation are shown in Figure 4.26 through
Figure 4.27. Following normalization of the estimated impedances, the Nyquist contours
are evaluated against the AIR, Figure 4.25 (solid). The adaptively designed PFF
controller is shown to adequately damp the bus 1 self-impedance resonance, such that the
Zpus-11-rrre-N contour lies wholly within the specified allowable region. The Zyys-22-Frra-n
contour is also shown to remain within the Allowable Impedance Region. Time-domain
results of the “black-box” system, shown in Figure 4.28 for a BKL voltage reference step
from 67 V to 89.44 V (75% to 100% full output voltage), confirm that the adaptive
approach using the AIR analysis technique and simplified PFF control design is
successful in synthesizing stabilizing controllers that can damp unwanted resonances and
improve system performance. The performance of the adaptively designed PFF controller

is nearly indistinguishable from design made using full knowledge of the system model.
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Figure 4.26. Bode plot of experimental “black-box” Scenario 1 bus self-impedance Zy 11.rrrg NON-
parametric estimation and fitted, parametric model for system operating under FFFB control.
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Magnitude of Experimental "Black-Box" Bus Impedance - Zbus—ZZ-FFFB(S) (Scenario 1)
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Figure 4.27. Bode plot of experimental “black-box” Scenario 1 bus self-impedance Zys »>.rrrg NON-
parametric estimation and fitted, parametric model for system operating under FFFB control.
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Figure 4.28. Experimental time domain results of “black-box” Scenario 1 AC coupled bus voltages
under (blue) FB control only and (red) FFFB control during BKL voltage reference step.
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4.2.3 SCENARIO 2 — PROMINENT BuUS 2 RESONANCE

The experimental setup is reconfigured to exhibit a significant resonance on Bus 2
and operated under FB control only. The Least Squares Fitting process is again used to
construct parametric models of the FB only bus self-impedances for later use in the
adaptive PFF control design of the “black-box” system. Experimental impedance

identification results for Zpys-11-r8 and Zyus-22-rs are shown in Figure 4.29 and Figure 4.30.
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Figure 4.29. Bode plot of experimental Scenario 2 bus self-impedance Z,s.11.rg @analytic model, non-
parametric estimation and fitted, parametric model for system operating under FB control only.
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Figure 4.30. Bode plot of experimental Scenario 2 bus self-impedance Zys.o..rg @analytic model, non-
parametric estimation and fitted, parametric model for system operating under FB control only.
The experimental impedance measurements of the Scenario 2 system operating
under FB control only show the system bus self-impedances are passive for all
observable frequencies, and demonstrate good matching between the fitted parametric
models created for both self-bus impedances and the respective analytic functions. A
significant resonance is observed on Zpys22-r8, as predicted analytically and in simulation.
The impedance identification results of the system operating with the PFF controller
designed to damp the Bus 2 resonance via implementation within the VSI converter are
shown in Figure 4.31 through Figure 4.32. No parametric impedance models are created

for these results, as the PFF control design is based on full system model.
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Magnitude of Estimated Impedance - Zbus_ll_FFFB(s) (Scenario 2)
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Figure 4.31. Bode plot of experimental Scenario 2 bus self-impedance Z,s.11.rrrg @analytic model and
non-parametric estimation for system operating under FFFB control.
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Figure 4.32. Bode plot of experimental Scenario 2 bus self-impedance Z, s, rrrg @analytic model and
non-parametric estimation for system operating under FFFB control.
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Good matching is achieved between the non-parametric data for Zpys-11-rrrs and
Zpus-22-rrrs and the analytic models throughout the observable bandwidth. The PFF
controller implemented through the VSI is shown in Figure 4.32 to damp the Bus 2
resonance such that a more robust dynamic response can be expected. The resonance on
Bus 1 is also shown to be improved through the introduction of the virtual damping
impedance at the VSI input terminals. These results are further confirmed by the time
domain results shown in Figure 4.33. The VSI output voltage reference is stepped from
18.26 Vpk t0 36.51 Vpk (50% to 100% full output voltage), resulting in a disturbance on
Bus 1 and Bus 2. The PFF controller is shown to be effective in damping the oscillations

resulting from the disturbances.

Experimental Bus 1 Voltage - VSI Conwerter Reference Voltage Step (Scenario 2)
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Figure 4.33. Experimental time domain results of Scenario 2 AC coupled bus voltages under (blue)
FB control only and (red) FFFB control during BKL voltage reference step.
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424 “BLACK-BOX” SCENARIO 2 — PROMINENT BuS 2 RESONANCE

The following results were obtained by considering the Scenario 2 multi-bus
system to be a “black-box” for which no advanced knowledge of the system operating
parameters is available. The PFF controller is designed based on the estimation of the
system bus self-impedances and the application of the AIR technique for ensuring good
dynamic behavior from passive systems. Results are presented demonstrating the
effectiveness of the adaptive design method in the time and frequency domain.

The parametric models of Zpys11-r8 and Zpus22-Fs are depicted in Figure 4.29 and
Figure 4.30, respectively. The resonant frequencies and normalization factors are
extracted from both impedances for the PFF control design. The Nyquist contours of the
normalized bus self-impedances are shown in Figure 4.34 (dashed). The AIR analysis
shows that for (nin = 0.5, both Zpys11-Fa-n and Zpus22-Fe-n €Xtend past the AIR boundary.
However, the PFF controller is designed for implementation on Bus 2 via the VSI since
the Nyquist contour magnitude of Zpysoo-rs-n €Xtends furthest past the boundary. A

summary of the VSI PFF control design is presented in Table 4.2.

Table 4.2. Normalized Bus 2 Impedance and Adaptive PFF Control Design Summary (Scenario 2)

Parameter Value
fo-bus-20-FB 74.30 Hz
Chus-22-FB 0.128

Z0-bus-22 7.477 Q (17.47 dBQ)
K 0.250
Cdamp 1.000

Zo-damp 3.768 Q (11.52 dBQ)
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Allowable Impedance Region Analysis - "Black-Box" (Scenario 2)
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Figure 4.34. Nyquist plot of “black-box” Scenario 2 normalized estimated bus impedances and AIR
(&min = 0.5) for system operating under FB control only (dashed) and FFFB control (solid).

The designed PFF controller places an equivalent RLC virtual damping
impedance in parallel with the VSI input terminals having R, = 7.217 Q, L, = 8.065 mH,
and Cp = 619.4 yF. To complete the adaptive PFF control design routine, the bus self-
impedances are estimated and parametric models created when the system is operated
under FFFB control, Figure 4.35 through Figure 4.36. Following normalization of the
estimated impedances, the Nyquist contours are evaluated against the AIR, Figure 4.34
(solid). The adaptively designed PFF controller is shown to damp the bus 2 self-
impedance resonance, such that the Zy,s.20-rrrs-n CONtour lies wholly within the specified
region. Note also that, although the PFF control was enacted on Bus 2 through the VSiI,
the additional damping has resulted in a reduction of the magnitude of Zpys-22-Frrs-n SUCH

that its contour also lies within the specified allowable region.
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Time domain results of the “black-box” system, shown in Figure 4.37 for a VSI
voltage reference step from 18.26 Vpk to 36.51 Vpx (50% to 100% full output voltage),
confirm that the adaptive approach using the AIR analysis technique and simplified PFF
control design is successful in synthesizing stabilizing controllers that can damp
unwanted resonances and improve system performance. The performance of the
adaptively designed PFF controller is nearly indistinguishable from the PFF controller

designed using full knowledge of the system model.

Magnitude of Experimental "Black-Box" Bus Impedance - Zbus-ll—FFFB(S) (Scenario 2)
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Figure 4.35. Bode plot of experimental “black-box” Scenario 2 bus self-impedance Zys 11.rrrg NON-
parametric estimation and fitted, parametric model for system operating under FFFB control.
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Magnitude of Experimental "Black-Box" Bus Impedance - Zbus—ZZ—FFFB(S) (Scenario 2)
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Figure 4.36. Bode plot of experimental “black-box” Scenario 2 bus self-impedance Zys »>.rrrg NON-
parametric estimation and fitted, parametric model for system operating under FFFB control.
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Figure 4.37. Experimental time domain results of “black-box” Scenario 2 AC coupled bus voltages
under (blue) FB control only and (red) FFFB control during BKL voltage reference step.
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