









































































































































































































































































































































CHAPTER 6. RESULTS
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(a) Simulated results for Scenario 2 without developed controller.
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(b) Simulated results for Scenario 2 with developed controller.

Figure 6.18: Magnified view of simulated upper to lower arm inter-arm power transfer.
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(a) Experimental results for Scenario 2 without developed controller.
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(b) Experimental results for Scenario 2 with developed controller.

Figure 6.19: Magnified view of experimental upper to lower arm inter-arm power transfer.
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6.4 Inter-arm and Intra-arm Power Flow Verification

The objective of this section is to demonstrate the effectiveness of the developed controller in maintaining
inter-arm and intra-arm power balance in a three-phase MMC. As inter-arm power balance has been
verified by the previous section, the primary focus of this section is to combine inter-arm and intra-arm
power balance. This is achieved by presenting results for a single scenario, which demonstrates the
effectiveness of the developed intra-arm controller.

The developed inter-arm and intra-arm controller is verified with a three-phase MMC. As previously
discussed in Chapters 3 and 4, intra-arm power balance is maintained by controlling Y Qa. When the
MMC operates without the developed controller, it implies that > Qa is set to zero (i.e. similar to
Section 6.2). When the MMC operates with the developed controller, it implies that > Qa is utilized
to maintain intra-arm power balance. In the results, the response of the MMC with and without the
developed controller is compared.

For these results, the three-phase MMC is utilized with N = 3 for all phase arms (i.e. a single
submodule has been bypassed in each phase arm). This allows both phase arms of phase ¢ to operate
with only their E-SMs. Therefore, Nr = 1.0 for both upper and lower phase arms of phase ¢, but Np
of either phase arm can be reduced simply by commanding an energy storage unit to deliver no power.
This effectively causes an E-SM to operate as a S-SM, which would decrease the Ny value of the phase

arm. For the same reasons as Section 6.2, the overhead voltage, k, is set to 1.15 as opposed to 1.20.

6.4.1 Scenario 1

In this scenario, an equal amount of power is injected by the energy storage in both upper and lower
phase arms of phase c. All inter-arm power balance is achieved with the developed inter-arm controller.
Initially, The MMC operates with Ng equal to 1.0 for both upper and lower phase arms (i.e. energy
storage in all E-SMs are delivering power). However, an energy storage unit in the lower arm is com-
manded to deliver no output power, which effectively drops the phase ¢ lower phase arm’s Np value to
0.66. As this is below the Ng threshold of the MMC, the intra-arm power balance controller would be
required. The initial steady state operating point is depicted in Fig. 6.20. If the developed intra-arm
controller is not used, the MMC would transition to the unstable operating point depicted in Fig. 6.21.
If the developed intra-arm controller is used, the MMC would transition to an operating point similar to
the one shown in Fig. 6.22 where a reactive difference current is circulated within the converter. In this
scenario, the MMC initially operates with 8.4kW injected by the energy storage into the upper phase
arm of phase ¢ and 8.4kW injected by the energy storage into the lower phase arm of phase c¢. At 0.2s, an
energy storage unit in the lower phase arm is shut down, which causes the N value of the lower phase
arm to change from 1.0 to 0.66. When the N of the lower arm is equal to 1.0, each energy storage unit
delivers 2.8kW. Once Ng drops to 0.66, the power injected into the lower phase arm is maintained as
the remaining two energy storage units deliver 4.2kW each.

The simulated results are shown in Fig. 6.23 where Fig. 6.23(a) and 6.23(b) are results without and
with the developed controller. Similarly, the experimental results are shown in Fig. 6.24 where Fig.
6.24(a) and 6.24(b) are results without and with the developed controller.

In the simulated and experimental results, Fig. 6.23(a) and 6.24(a), the total submodule capacitor
voltages of all phase arms is maintained by the inter-arm controller. However, the intra-arm controller

is not enabled and the individual submodule capacitor voltages of the lower arm of phase ¢ are seen
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Figure 6.20: Initial steady state operating point for inter-arm and intra-arm power flow verification.

to diverge from each other when energy storage in submodule 1 is disabled. As the Ng value of the

upper arm is 1.0, the upper arm submodule capacitor voltages maintain their nominal value. In the

simulated and experimental results, Fig 6.23(b) and 6.24(b), it can be seen that the developed inter-arm

and intra-arm controller is able to regulate the capacitor voltages to their nominal value by introducing

circulating fundamental frequency reactive current within the converter. A relatively large amount of

reactive difference current was introduced to the system as the MMC with distributed BES in one phase

is operating far below its Np threshold of 0.94.

In addition, magnified versions of the simulation and experimental results are provided in Fig. 6.25

and 6.26, respectively. These show the final steady state waveforms from 1.40 seconds to 1.45 seconds.
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Figure 6.23: Simulated results of inter-arm and intra-arm power transfer.
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Figure 6.24: Experimental results of inter-arm and intra-arm power transfer.
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Figure 6.25: Magnified view of simulated inter-arm and intra-arm power transfer.
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Figure 6.26: Magnified view of experimental inter-arm and intra-arm power transfer.



CHAPTER 6. RESULTS 104

6.5 Summary

This chapter verified the developed analysis and inter-arm and intra-arm power balance controllers for the
MMC with distributed BES. The experimental results were divided into three sections. The first section
verified the intra-arm power balance findings. The second section verified the operation of the developed
inter-arm power balance controller, and the third section verified the operation of the combined inter-arm
and intra-arm power balance controllers. From the intra-arm results, it was demonstrated that energy
storage does not need to be integrated into all submodules of the MMC. The inter-arm power balance
controller ensures that energy storage can be integrated into specific phase arms without compromising
terminal characteristics of the MMC. Finally, inter-arm and intra-arm power balance controllers can be
used to maintain submodule capacitor voltage balance if the Np threshold cannot be maintained due
to the shutdown of an energy storage unit. The intra-arm power balance controller would utilize the

previously unpurposed YA to maintain power balance for contingency operation of the MMC.



Chapter 7

Conclusion

The MMC with distributed BES shows the potential to be a scalable, modular solution that can increase
the reliability of BES systems. The modular structure of the MMC allows the BES to be subdivided into
short strings of batteries and integrated amongst the submodules of the MMC. The modular structure
also implies that only a short string of batteries must be shutdown in the case of a battery fault or
overheating. This allows the MMC with distributed BES to continue operating with minimal loss of
energy storage capacity. Furthermore, the dc link has the added benefit of allowing the MMC with
distributed BES to be connected to a MVDC network if desired. Thus, a single converter can act as a

dc/ac interconnect with BES support capabilities.

7.1 Contributions

With the introduction of BES units into the submodules of the MMC, the power flow of the MMC is
disrupted. A major contribution of this thesis was to analyze the complete power flow within the MMC
with distributed BES. The analysis made no assumptions on the distribution of BES units amongst
the submodules of the MMC. This allowed for the exploration of different BES distributions within the
MMC.

To easily interpret the power flow analysis, a visual Ul tool was developed as part of this thesis.
This UI tool contributed to the identification of different BES distributions within the MMC. It was
concluded that BES could be integrated into any number of phase arms of the MMC, but the most
promising distributions would integrate them into either all submodules, phase arms of two phase legs,
phase arms of one phase leg, or the lower phase arms of all phases.

The concept of intra-arm power balance, combined with the UI tool, identified that only a fraction of
submodules in a phase arm required BES units without compromising the MMC’s operating range. The
simplest method of handling the shutdown of a BES unit is to incorporate redundant submodules with
BES in the MMC, and bypass any submodules with a BES unit that has been shutdown. The findings
in this thesis imply that this is not necessary, and the MMC may continue operation in the presence
of BES unit shutdown as long as there is a sufficient number of submodules equipped with BES units
remaining in the phase arm. This implies that some submodules in a MMC can still maintain power
balance without a BES unit, and redundant submodules do not require BES.

The intra-arm power balance was also used to identify the PQ operating range of the MMC when an
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insufficient number submodules were equipped with BES units. In these cases, the plots also aided in
identifying a control strategy to extend the operating range of the MMC. This was achieved by increasing
reactive power to the submodules, without affecting the output power, to stabilize the converter.

To enable converter operation under any arbitrary BES power injection, a controller was developed
that would respond to the disturbance and maintain submodule capacitor balance. The controller ex-
ploited internally circulating currents of the MMC to achieve this goal without affecting the terminal
characteristics of the MMC. The developed control scheme is also able to decouple battery unit man-
agement from MMC controls, thus reducing feedback signal requirements. This controller is scalable
to any MMC since it relies on a sorting algorithm, and feedback signals based on aggregate submodule
capacitor voltage values. The controller was also capable of extending the operating range of the MMC
when intra-arm power balance is not maintained over the PQ operating range. This was achieved with
the use of the previously unpurposed reactive difference power, >~ Qa. Furthermore, by decoupling the
battery unit management from the MMC, system complexity is reduced as the BES units and MMC
require minimal communication.

To provide extensive validation of the work, a prototype 600V / 100kVA MMC with 4MJ of super-
capacitor energy storage was designed and implemented. Start-up and fault handling was considered
in developing the prototype to ensure safe operation of the converter. The prototype was used, in con-
junction with a full-switched PSCAD/EMTDC simulation model, to validate the developed theory and

ensure viability of the controller.

7.2 Future Work

Future work can apply the conclusions of this thesis to further develop MMCs with distributed BES.
A natural extension of this work is to perform detailed analysis on the MMC with distributed BES to
compare cost and efficiency of the different BES distribution variants. Logistical aspects of the MMC
with distributed BES could also be investigated, such as dielectric losses and requirements.

The intra-arm power flow analysis could be extended to apply the work to MMCs with photovoltaic
panels integrated into the submodules as proposed by [36, 37]. The intra-arm power balance assumed
that all BES units deliver an equal amount of power, which is not guaranteed for photovoltaic panels.
The analysis could be adapted to quantify the allowed variance in injected power by the photovoltaic
panels.

Future work could also improve the control structure used to maintain intra-arm power balance. In
the controller, fundamental frequency reactive difference power, Y Qa, was circulated within the con-
verter to extend the operating range of the MMC when intra-arm power balance could not be maintained.
An alternative to using Y Qa would be to use currents at frequencies other than the fundamental. In
this work, currents at frequencies other than the fundamental were eliminated to enhance conversion
efficiency. However, the currents at frequencies other than the fundamental could impact the results of
the intra-arm power balance, and extend MMC operating range with less circulating current compared
to > Qa. This type of investigation would be akin to using the second harmonic difference current to
decrease the submodule capacitors’ voltage ripple thus minimizing capacitor size requirements at the
cost of increased conduction losses [42] [43].

A costly aspect of the MMC with distributed BES is the use of battery interface converters in each
E-SM. If the battery technology can withstand the ripple current, the battery interface converter could
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be eliminated to simplify implementation and reduce costs. This could be achieved by regulating the
phase arm’s voltage to control power flow from the BES units as opposed to controlling BES unit power

through the battery interface converter.



Appendix A

Intra-arm Power Flow Script Files

This appendix expands upon the discussion of Section 2.3 by providing a description of the calculations
used to assess intra-arm power flow. Included with this document are the Matlab scripts used to execute
these calculations. Recall Fig. A.1 where the phase arm produces voltage vy, (t) and current ir(¢) flows
through the phase arm. To perform the intra-arm power balance test, the voltage produced by both
E-SM and S-SM modules need to be determined. A figure such as Fig. A.1(c) was used for this purpose.
It divided the voltage vr(t) into intervals and determined when E-SMs and S-SMs would be used. This
appendix elaborates upon the details of Section 2.3, but this appendix does assume the reader has read
Section 2.3.

A.1 Requirements and File List

These scripts were developed in Matlab 2012a. Table A.1 lists the relevant files described in this ap-

pendix.

Table A.1: Related files for Appendix A.

PBal_Gen_-wDC_Arm.m | Intra-arm Power Balance Test Script.
PQPlot.m Generates PQ Plots, similar to Fig. 3.2,
based on the power balance test.

A.2 Intra-arm Power Balance Test Script

The intra-arm power balance test assesses the ability of a phase arm’s sorting algorithm to maintain
power balance across submodules with and without BES units. Thus, the power balance test is dependent
on the phase arm’s current operating point. To quickly assess the intra-arm power balance of a phase
arm, a Matlab script was developed and has been provided with this document. The script is based on
a model of the MMC phase leg, which is shown in Fig. A.2.

The script, entitled ‘PBal_ Gen_-wDC_Arm.m’, is a function that executes the power balance test in 5

steps, which are as follows:
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cess. The shaded regions denoted by “ESM” and “SSM” show
the voltage capabilities of the E-SM and S-SM.

Figure A.1: Exemplary lower arm current and voltage waveforms used for the intra-arm power balance
discussion.

1. Handle inputs.

2. Define intervals.

3. Identify voltage capability of E-SM and S-SM in each interval.
4. Compute average power into the E-SMs and S-SMs.

5. Check that power balance is met.

A.2.1 Step 1: Handle Inputs

The inputs to the intra-arm power balance test are used to define the characteristics of the phase arm
under study. This step is where the assumptions of the intra-arm power balance calculations are applied.

There are 6 inputs to the function as follows:
N_set This is the fraction of modules with energy storage.
P_set This is the real output power of the phase arm.

Q_set This is the reactive output power of the phase arm.
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Figure A.2: Depicted is the MMC phase leg model for intra-arm power balance test. The figure summa-
rizes the assumptions of the calculations. Note: this model indicates P(?SM , PgSM , PESM , PLSSM as
flowing out of their respective submodules. However, the script calculates these powers as flowing into
their respective submodules.

UL_set This determines whether the intra-arm power balance test is executed for the upper or lower

phase arm.
Pdc_set This sets the dc power into the phase leg.
kappa_set This is used to define the overhead voltage. (i.e. dc link voltage above the peak ac voltage)

More specific details about the input and output variables are given in the actual script.

It is assumed that the ac output voltage (i.e. vx(t)) (in rms) is equal to 1.0 pu and all quantities
are aligned to vx(t). Thus, P_set and Q_set can be used to find the magnitude and phase of the ac
current flowing in the phase arm. As the ac output voltage is equal to 1.0 pu, kappa_set sets the dc
link voltage and the dc voltage with Pdc_set would set the dc difference current in the phase arm. All
these parameters allow for the voltage and current of the phase arm to be defined. The final parameter,
N_set defines the percentage of E-SMs and S-SMs in the phase arm. UL _set specifies whether the voltage

and current waveforms are produced for the upper or lower phase arm. The intra-arm power balance



APPENDIX A. INTRA-ARM POWER FLOwW ScRIPT FILES 111

Lower Arm Current 4y, (t)

1 to ts

I (pu.)

(a) Exemplary ir,(¢) with time labels.
Voltage v (t) and Vpe
1 t5 Ve

/\37
3 /\
22

-8 -6 -4 -2 0 2 4 6 8
x10°

(b) Exemplary vy, (t) with Vpe with time labels.
vr(t) with Module Operating Regions
to oty by oty te 7

Time (s) X107

(c) Diagram depicting entire maximum PESM calculation pro-
cess. The shaded regions denoted by “ESM” and “SSM” show
the voltage capabilities of the E-SM and S-SM.

Figure A.3: Exemplary lower arm current and voltage waveforms used for the intra-arm power balance
discussion.

test results should be identical for the upper and lower phase arms, but the calculations take this into

account for completeness.

A.2.2 Step 2: Define Intervals

For this step, intervals I to VIII, as labelled in Fig. A.1(c), are identified. Those intervals are determined
by the voltage capability of the E-SMs and S-SMs, in addition to the current polarity of the phase arm
voltage and current. In Fig. A.3, the start and end of each interval is labelled with symbols ¢y to t7
where t( is the start of the fundamental period and ¢; is the end of the fundamental period. From Fig.
A.3(a), the labels ¢t and t5 indicate current polarity changes. Depending on the output power of the
phase arm, there is either a preference to use E-SMs over S-SMs or vice versa. In the depicted case, the
phase arm output power is positive, thus there is a preference to use E-SMs over S-SMs between times ¢,
and t5 as indicated by the shading. Time labels t1,t3,t4, and tg indicate intersection points between vy, (¢)
and submodule voltage capability limits. For example, between time ty and to it is preferred to utilize
S-SMs over E-SMs. Before time t¢1, it was possible to create vy, (t) with only S-SM modules. After time
t1, both S-SMs and E-SMs must be used to generate vy, (¢). Within the script, the function ’teritCalc’
finds the value of tg to t7.



APPENDIX A. INTRA-ARM POWER FLOwW ScRIPT FILES 112

A.2.3 Step 3: Identify Interval Type

For this step, intervals I to VIII are classified as different interval types as each interval type requires
different calculations. For example, interval 1, which occurs between tg and t; is classified as interval
type 15 where the S-SMs are used to create vy (t) and none of the E-SMs are required. This step is

executed by function ’stateldentifier’. The list of different interval types is given within the script.

A.2.4 Step 4: Compute Average Powers

For this step, the E-SM and S-SM average powers are individually computer for each interval. If only
S-SMs are to be dispatched (i.e. Interval I of Fig. A.1(c)) then the powers out of the submodules are:

tend

PSSMzTiS / v(t)i(t)dt (A1)

tstart

PESM — (A.2)

where tg4q.¢ 18 the start time of the interval, t.,q4 is the end time of the interval, and T is the fundamental
frequency period. Also, v(t) and i(t) are the voltage and current of the phase arm.
If S-SMs and E-SMs are to be dispatched, but it is preferred to use S-SMs (i.e. Interval IT of Fig.

A.1(c)) then the powers out of the submodules are:

tend
1
PSSM — = / (1 — Ng)Vpei(t)dt (A.3)
tstart
tend
1 ‘
pESM — = / (v(t) — (1 — Np)Vpe)i(t)dt (A.4)
Ststart

where N is the fraction of submodules with energy storage and Vp¢ is the dc link voltage.

If E-SMs are to be dispatched (i.e. Interval 117 of Fig. A.1(c)) then the powers out of the submodules

are:
PSSM — (A.5)

PESM:Ti / v(t)i(t)dt (A.6)
Ststart

If E-SMs and S-SMs are to be dispatched, but it is preferred to use S-SMs (i.e. Interval IT of Fig.
A.1(c)) then the powers out of the submodules are:

P =L [ )~ (Ve Vao)ita (A7)
pESM _ Ti / (Ne)WVpci(t)dt (A.8)

tstart
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A.2.5 Step 5: Check Power Balance

PSSM PESM

The final step sums and of each individual interval, which is equal to the average S-SM and
E-SM power over the period. The average E-SM power over the period is equal to the maximum power
that can be delivered out of the E-SM submodules for that operating point. This must be equal to or
greater than the power that must be delivered by the energy storage. If this is true then the operating

point passes the intra-arm power balance test and power balance can be achieved.



Appendix B

MMC Power Flow Visualization Ul
Tool

To illustrate the power flow of the entire MMC with Distributed BES, a power flow visualization tool
has been created to combine the analytical findings of both the inter-arm and intra-arm power flow

discussions.

B.1 Requirements and File List

These scripts were developed in Matlab 2012a. Table B.1 lists the relevant files described in this appendix.

B.2 File List

Table B.1: Related files for Appendix B.

PBal_Interactive_Full_ MMC.m Intra-arm Power Balance Test Script.
MMC_ArmU.tif Image for UI Tool.
MMC_ArmL.tif Image for UI Tool.
PBal Gen_wDC_Arm.m Intra-arm Power Balance Test Script.
PQSweep_Full. MMC.m Script for generating data used by the UI.

PQSweep_Full MMC _kappall50.mat | Ul data for the x = 1.150
PQSweep_Full MMC _kappall25.mat | UI data for the k = 1.125
PQSweep_Full MMC _kappall00.mat | Ul data for the x = 1.100
PQSweep_Full MMC _kappal075.mat | UI data for the x = 1.075
PQSweep_Full MMC _kappal050.mat | Ul data for the x = 1.050

B.3 System Requirements

The UI tool was created using Matlab, and requires that the Matlab version be 7.3 or later. The

visualization tool was developed on computer using a resolution of 1680 x 1080. Although, the UI

114
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should scale properly for any computer using an aspect ratio around 16 x 10.

B.4 User Interface Description

B.4.1 UI Tool Startup

To execute the script, ensure that the provided files are all located in the same directory. The UI tool
is started by executing ‘PBal Interactive_Full. MMC.m’. Two figures will be created that are identical
to Fig. B.1 and B.2. Fig. B.1 is the “Display Panel” where inter-arm and intra-arm power flows are
displayed. Fig. B.2 is the “Control Panel” where the information shown in the “Display Panel” is
adjusted.

SM 1 [ SM 1 [ SM 1 [
— H — H — H

SMN[ SMNL SMN[

] ]
a b [

SM 1 SM 1 SM 1
— H — i —_— :

SMN [ SMN [ SMN [

Figure B.1: “Display panel” of the UI when initialized.
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Figure B.2: “Control panel” of the UI when initialized.
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B.4.2 UI Tool Interactions

117

This section outlines the different interactions available from the Ul tool “Control Panel” shown in Fig.

B.2.

“Menu Select”

On the “Control Panel”, the drop down list entitled “Menu Select” is used to change the contents of the

“Control Panel”. The two options on the drop down menu are “Power Settings” and “Configure MMC
/w ES”. When “Power Settings” is selected, Fig. B.3(a) shows how the “Control Panel” appears. When
“Configure MMC /w ES” is selected, Fig. B.3(b) shows how the “Control panel” appears.

Menu Select  |Power Settings

—Power Controls
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Show AC Info

Per Phase AC Output

1

038
06 (0.50,0
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-0.6
-0.8
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(a) “Control Panel” under “Menu Select:
tings”

Power Set-

Menu Select

Configure MMLC WES ~ ~

— Configuration

Enable DC Interconnect

Turn PinjUa Off
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Turn PinjLb Off

Turn PinjUc Off

Turn PinjLc Off

NF Ua =1.00
NF La =1.00
NF Ub =1.00
NF Lb =1.00
NF Uc=1.00

NF Lc=1.00

Kappa Value

(b) “Control Panel” under “Menu Select:

MMC /w ES”

Figure B.3: “Control Panel” Menus

Configure
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“DC Info” and “AC Info” Buttons

On the “Control Panel” under “Menu Select: Power Settings” (See B.3(a)), the buttons labelled “Show
/ Hide DC Info” and “Show / Hide AC Info” toggle the appearance of dc or ac information in the
“Display Panel”. The text on the button switches from “Show” to “Hide” or vice versa when toggled,
which describes the action that will occur when toggled next. Table B.2 links the button states (i.e.
“On” or “Off”) to a representative screen capture of the display panel. When DC information is toggled,
labels are superimposed onto the Display Panel, which identify the dc power into each phase arm. When
ac information is toggled, the schematic diagram of the phase arms is replaced with a PQ plot that

contains intra-arm power balance results with superimposed ac power vectors.

Table B.2: “DC Info” and “AC Info” Interactions

“DC Info” | “AC Info” | Relevant Figure
OFF OFF Fig. B.4
. ON OFF Fig. B.5
Toggle Position OFF ON Fig. B.6
ON ON Fig. B.7
L i L i L i
SM it | SM 1L SM 1
— —_— —_—
SMN[ SMNL SMN[
u u u
a b c
SM 1 SM 1 SM 1
—_— i —_— i —_— :
SMN [ SMN [ SMN [

Figure B.4: MMC Schematic
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Figure B.6: PQ plots displaying inter-arm ac and intra-arm power flow for a three-phase MMC with

distributed BES.
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Figure B.7: PQ plots displaying both inter-arm (ac and dc¢) and intra-arm power flow for a three-phase

MMC with distributed BES.
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“Per Phase AC Output” Plot

On the “Control Panel” under “Menu Select: Power Settings” (See B.3(a)), there is a PQ plot entitled
“Per Phase AC Output”. This plot allows the user to set the per phase ac output power of the converter.
It is assumed that the output power is balanced. Therefore, this plot sets the output power for the entire
three-phase converter. Please note that the converter has been normalized per phase, thus the full three-
phase converter is rated at 3.0 pu.

The ac output power is adjusted by clicking on and dragging the tip of the vector (i.e. the red circle)
as indicated in Fig. B.8.

Menu Select  Power Settings 7|
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;
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0.6
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0
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-
1 08060402 0 02040608 A
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Figure B.8: Control Panel under Menu Select: Power Settings indicating how ac output can be changed.
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“P Diff Select” and “Per Phase Diff Vectors” Plot

On the “Control Panel” under “Menu Select: Power Settings” (See B.3(a)), there is a PQ plot entitled
“Per Phase Diff Vectors” plot and a drop down menu entitled “P Diff Select”. The “Per Phase Diff
Vectors” plot is similar to the “Per Phase AC Output” plot. This plot is used to set the values of Pa
and Qa. Recall from Chapter 2, that there is independent control of Pag, Pap, Pac, and 3Qa. As
there is independent Pa transfer for each phase, Pa is set on a phase by phase basis. Selecting the phase
that the “Per Phase Diff Vectors” plot changes is executed via the drop down menu “P Diff Select”. To
change Pa for phase a, select “P Diff A” in the drop down menu. To change Pa for phase b, select “P
Diff B” in the drop down menu. To change Pa for phase ¢, select “P Diff C” in the drop down menu.
The value of QA is set via Qa on the “Per Phase Diff Vectors” plot. As the PQ plot is per phase,
changing QA introduces a balanced three phase reactive power, which circulates within the MMC. As
3 is the sum of the circulating reactive power in all phases, it is equal to 3.0 X QAa.

The power Pa is adjusted by clicking on and dragging the tip of the vector (i.e. the red circle) as
indicated in Fig. B.9. The power Qa is adjusted by clicking on and dragging the tip of the vector (i.e.
the green circle) as indicated in Fig. B.9.
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Figure B.9: “Control Panel” under “Menu Select: Power Settings” indicating how Pa QA can be
changed.
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“Enable DC Interconnect” Button

On the “Control Panel” under “Menu Select: Configure MMC /w ES” (See B.3(b)), there is a but-
ton labelled “Enable / Disable DC Interconnect”. The text on the button switches from “Enable” to
“Disable” or vice versa when toggled, which describes the action that will occur when toggled next.
When this button is toggled off, all calculations assume that the dc link is open circuited, and nothing
is connected across the dc link of the converter. When this button is toggled on, all calculations assume
that power can be provided from the dc link. The amount of power from the dc link is set by the user
via a scroll bar entitled “P DC = 0.00”. The scroll bar is located on the “Control Panel” under “Menu

Select: Power Settings”.
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Figure B.10: “Control Panel” under “Menu Select: Power Settings” with “DC Interconnect Enabled”.
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“Pinj” Buttons

On the “Control Panel” under “Menu Select: Configure MMC/w ES” (See B.3(b)), there are a set of six
buttons labelled either “Turn PinjUx On/Off” or “Turn PinjLx On/Off” for a given phase x. The text
on the button switches from “On” to “Off” or vice versa when toggled, which describes the action that
will occur when toggled next. These buttons indicate whether a phase arm contains energy storage. For
example, the button “PinjUa On” indicates that power can be injected by energy storage into the upper
phase arm of phase a. These buttons can be used to switch between different MMC with distributed
BES variants as discussed in Chapter 3.

“NF” Sliders

On the “Control Panel” under “Menu Select: Configure MMC/w ES” (See B.3(b)), there are a set of
six sliders labelled either “NF Ux = 1.00” or “NF Lx = 1.00” for a given phase x. These sliders set
the Ng values (i.e. the fraction of submodules in a phase arm with energy storage) for their respective

phase arm.

“Kappa Value”

On the “Control Panel” under “Menu Select: Configure MMC/w ES” (See B.3(b)), there is a drop down
menu entitled “Kappa Value”. This sets the overhead voltage of the MMC (k in the thesis) used for the
intra-arm power balance test calculations. The available values of x are 1.150, 1.125, 1.100, 1.075, and
1.050. Each of these can be selected from the drop down menu. In addition, a new set of Ul data can
be generated for different x values using the script: “PQSweep.m”. As long as “PQSweep” is executed
in the same directory as the UI Tool files, the Ul should automatically find and list the new data set.

More detailed instructions on using “PQSweep.m” are included in the comments of the script itself.



Appendix C

Submodule Capacitor Sizing

The submodule capacitor is sized to meet the required voltage ripple specification of the converter. This
appendix details the method used to calculate the capacitor voltage ripple of a phase arm, and in essence

determine the submodule capacitor size.

C.1 Capacitor Voltage Ripple Calculation

The capacitor voltage ripple can be calculated by using a representative submodule for the phase arm.
To model the phase arm correctly, the representative submodule must contain the same average amount
of energy as all the submodules of the phase arm combined. For a phase arm with N submodules,
submodule capacitor C, and dc link voltage of Vp¢, the following average amount of energy is stored in

the capacitors:

VDC>2 (C.1)

1
Enom = 5]\7 C <T
A representative submodule for the phase arm would have a dc link voltage of Vp¢, which implies that

the energy in the representative submodule is expressed as:

Enom = %%Vgc (C.2)
Therefore, the representative submodule has a nominal submodule capacitor voltage of Vpc with an
equivalent capacitor equal to %

The voltage ripple of the capacitor can then be determined by using the instantaneous energy of
the representative submodule. The energy can be found by integrating the instantaneous power into
the phase arm. This instantaneous energy can be added onto the nominal energy of the submodule

capacitor, and the voltage of the capacitor is found by solving;:

e(t) = / p()dt + Exvom (©3)

N =
=le!

(v (£))? (C.4)

for the capacitor voltage ve(t).
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C.2 Validation

This process of estimating the capacitor voltage ripple is validated through the simulation of both a
standard MMC and MMC with distributed BES. The simulated MMC is operating with the parameters
found in Table C.1.

Table C.1: Simulation Parameters

AC Grid Voltage (1l,rms) 480 V
DC Bus Voltage, Vpo 880 V
3¢ Output Power of MMC 92.5 kW
Number of Modules per Arm, N 3
AC Grid Frequency, fg 60Hz
Capacitor Size, C 9.8 mF

C.2.1 Standard MMC

For a standard MMC the instantaneous power into the upper phase arm of phase a is:

n V2Vpels

cos(wt + ¢)> (C.5)

Iy

V.
= —Vpclagcos(wt) cos(wt + ¢) — 32

cos(2wt + @) (C.6)

where Iag is the dc difference current in the phase arm, Vg is the line to neutral rms voltage of the grid,

I, is the rms output current, and ¢ is the phase angle of the ac output current relative to Vg.

This can be integrated to find the instantaneous energy as follows:

Vsiz: cos(2wt + ¢) (C.7)

Vool 2Vpel

e(t) = Enom — Msin(wf) + msin(wt +¢) —
w 4w

where E,, o, is the nominal energy stored in the capacitor (i.e. %%Vgc). The voltage can then be found

by using (C.4). The analytic capacitor voltage ripple is calculated for the upper phase arm of phase

a using the parameters of Table C.1. Fig. C.1 compares the analytic capacitor voltage compared to

simulated results, and shows the analytic process provides accurate estimation of the capacitor voltage

ripple.

C.2.2 MMC with Distributed BES

For a MMC with distributed BES the instantaneous power into the upper phase arm of phase « is:

p(t) = (% — \/§Vscos(wt)> <\/§2[E cos(wt + (;5)) + P} (C.8)

_ V2Vpels
N 4

Vsis

cos(wt + @) — cos(2wt + @) (C.9)
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Figure C.1: Comparison of analytic and simulated capacitor voltage ripple of a standard MMC. The
total capacitor voltage ripple of the upper phase arm of phase a is depicted.

where Vg is the line to neutral rms voltage of the grid, Iy is the rms output current, and ¢ is the phase
angle of the ac output current relative to Vg.

This can be integrated to find the instantaneous energy as follows:

E(t) = Enom + in(wt + ¢) — Vsiz cos(2wt + ¢) (C.10)

V2Vpels s
4w

where F,,om, is the nominal energy stored in the capacitor (i.e. %%VDQC). The voltage can then be found
by using (C.4). The analytic capacitor voltage ripple is calculated for the upper phase arm of phase
a using the parameters of Table C.1. Fig. C.2 compares the analytic capacitor voltage compared to
simulated results, and shows the analytic process provides accurate estimation of the capacitor voltage
ripple.
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Figure C.2: Comparison of analytic and simulated capacitor voltage ripple of a MMC with distributed

BES. The total capacitor voltage ripple of the upper phase arm of phase a is depicted.



Appendix D

Phase Arm Inductor Sizing

The phase arm inductor is sized to meet current harmonic requirements of the converter. This appendix
details the method used to calculate the resulting current harmonics produced by the converter, and in

essence determine the phase arm inductor size size.

D.1 Harmonic Current Calculations

The current harmonics produced by the MMC depends upon the voltage produced by the converter. This
implies that the current harmonics are heavily related to the modulation scheme used by the converter.
In this work, phase disposition pulse width modulation is used and is detailed in Section 5.2.5. As phase
disposition is applied on a per phase arm basis and the system is grounded at the midpoint of the dc
link filter capacitor, a single phase of the MMC can be analyzed as the dc link capacitor acts as a high
frequency short to ground. Furthermore, a single phase arm may be analyzed as the upper and lower

phase arms are identical in structure.

Table D.1: System Parameters

Vs 480 V AC Grid Voltage (1l,rms)
Vbe 830V DC Bus Voltage
Max. Vgg 162 'V Maximum Supercapacitor Bank Voltage
Srated 83 kVA Rated 3¢ Power of MMC
N 3 Number of Modules per Arm
fs 60 Hz AC Grid Frequency
fvmce 6.06 kHz MMC Switching Frequency
fEs 6.4 kHz Energy Storage Switching Frequency
L 0.8 mH Grid Inductance
La 0.6 mH Arm Reactance
C 9.6 mF Submodule Capacitance
Coc 19.2 mF DC Link Capacitance
Lsn 2.5 mH Submodule Inductor
Cgs 50 F Supercapacitor Capacitance

To elaborate upon the calculation method, a study system is used. The system under study is shown
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Figure D.1: Schematic of three-phase experimental system.

in Fig. D.1 with the associated system parameters provided in Table D.1. Using the system parameters,

the ideal voltage waveform produced by the MMC can be numerically re-created. In this case, the upper

phase arm voltage of phase c¢ is re-created. The harmonic currents can then be found by performing

a FFT on the voltage waveform, and dividing by the phase arm inductor’s impedance. The resulting

analytic FFT output provides the current harmonics, and Fig. D.2 and D.3 compares the analytic FFT

results to the FFT performed on experimentally measured current. The results show a good match

between the estimated and experimental harmonics of the converter. Accuracy of the results can be

further improved by creating an accurate reproduction of the phase arm voltage. For example, the

experimental phase arm voltage was used to estimate the harmonic currents, which is shown in Fig. D.4.
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Figure D.2: FFT of experimental and calculated phase arm voltage and current.
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Figure D.3: FFT of experimental and calculated phase arm voltage and current. The FFT is centred
around the most significant harmonic components.
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components.



Appendix E

Capacitor Rating

The submodule capacitor of a standard MMC is not meant to provide real power, and each capacitor
should not provide any net power over the course of a period. Thus, the negative current into the
capacitor must balance with the positive. To gain insight into this process, the upper arm current
and voltages of phase a have been plotted in Fig. E.1, E.2, and E.3 for the p.f. of 1.0, 0.7, and 0.0
respectively. It can be seen in Fig. E.1 that the maximum reactive power is limited by on the negative
current a capacitor is exposed to. Thus, the maximum RMS current of the capacitor is two times that
of the calculated RMS value between 7y and 5. Therefore, the RMS current rating of the capacitor is
two times that which is calculated from this portion of the waveform.

Two approaches can be taken in calculating the RMS current rating of the capacitor. The simplest
method is to directly assume that each capacitor is exposed to the same negative current. This method
is only valid for a p.f. of 1.0. In addition, this method neglects the fact that one or more modules is being
modulated during the period from 7y to 75. The second method incorporates the modulation of the phase
arm into the calculation. The arm current can be multiplied with the modulation index of the phase
arm. This implies that all the capacitors are utilized equally across the fundamental frequency period,
which is valid as a sorting algorithm is used to ensure voltage balance. The first method is referred to
as the Simplified Capacitor RMS current, and the second method the Refined Capacitor RMS current.
The derivation is performed for the upper phase arm of phase a, but the results are applicable to all
phase arms as the upper and lower phase arms are symmetric and the standard MMC is operating under
balanced conditions.

For the MMC with distributed BES, it is assumed that BES units are integrated into all submodules.
The same procedure used to find the Refined Capacitor RMS Current is used to find the capacitor RMS
current of the MMC with distributed BES. Once again, the RMS current expression is found for the
upper phase arm of phase a, but the results are applicable to all phase arms as the upper and lower
phase arms are symmetric and the MMC is operating under balanced conditions. The definitions used

in the derivation are from Chapter 2 and 5.
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Figure E.1: Voltage and Current Waveforms of the Upper Arm of phase a with a p.f. of 1.0. Quantities
are normalized to the rated AC output voltage and current.
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Figure E.2: Voltage and Current Waveforms of the Upper Arm of phase a with a p.f. of 0.7. Quantities
are normalized to the rated AC output voltage and current.



APPENDIX E. CAPACITOR RATING

Injected Arm Voltage vy, (t)

4,
:} 3F VDC
\9/ /_
o ol
r:bé} 'UUa(t)
=
o
>

1/

0.002 0.004 0.006 0.008

0.01

Time (s)
Arm Current iy,(t)

0.012 0.014 0.016

an(t) 1

Current (p.u.)
o
[9)]

1

o

&)
T

0

0.002 0.004 0.006 0.008 0.01

Time (s)

0.012 0.014 0.016

135

Figure E.3: Voltage and Current Waveforms of the Upper Arm of phase a with a p.f. of 0.0. Quantities
are normalized to the rated AC output voltage and current.
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E.1 Simplified Capacitor RMS Current for a Standard MMCs

The simplified capacitor RMS current is found for the upper arm, but the lower arm current rating

would be identical. Defining the iy, (t), and Tagq:

I
iva(t) = Inoa + % cos(wt)

IVSa -
Inge = =——— Iy
A0 2VDC b

From these definitions, the first x-intercept, 7, can be found.

1 I
T = Zcos! (—2 AAOQ>
w IZa

Substituting Ipc would give

Through symmetry, 72 would be

To=Ts — 71

The simplified RMS current can be directly calculated as follows

. 2
1 2 I
SM Capacitor RMS Current = 2 T / <IA0G + % cos(wt)) dt
S T1

E.2 Refined Capacitor RMS Current for Standard MMCs

T2

T1

(E.1a)

(E.1b)

(E.3)

To calculate the refined Capacitor RMS current, the following are defined: iy (t), my (t), and Iag.

I
iva(t) = Taoa + % cos(wt + @)

1 Vs
mya(t) 5~ “//DSC cos(wt)
1 Vsa »
IAOa 5 Ya

(E.7a)

(E.7b)

(E.7¢)
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From these definitions, the x-intercepts, 7 and 72, can be found.

where ¢ is the relative phase shift between the ac grid voltage and ac grid current.

The refined RMS current can be directly calculated as follows

1 [m
SM Capacitor RMS Current = 2 ?/ i2(t)dt
T1

S

where

io(t) = (1A0a + % cos(wt + ¢)> mu (t)

Isa 1 Vs
= (IAOa + %cos(wt—l— o) (5 - “//;C cos(wt)) .

and evaluating the integral of i2 results in

& 12 5 3 1 PR |
.2 _15a 09 n . 2
/T fedt =75 [(128 61 )+ g gt (‘b)) !

1
1 Kk cos(p)\ 1 .
— ~ sin(wt
* ( Gix 32 128k ) o Sinlwt)

+ <3—2+ﬁ - %z(@) ésin(wt—f—(i))

+ (6422) %Siﬂ(?cut) + (g—;) %sin(2wt+ 2¢)
+ (—5—4 + COZ,EL@) % sin(2wt + )

+ (1921m> sin(3wt + ¢) + (—96%) sin(3wt + 2¢)

T2

+ <ﬁ) sin (4wt + 2(1))}

T1
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(E.8a)

(E.8b)

(E.9)

(E.10a)

(E.10Db)

(E.11)

The p.f. that imposes the highest RMS current stress on the capacitor is 0.0. Thus, the RMS current

rating should be based on ¢ = 3.

E.3 Capacitor RMS Current for MMCs with Distributed BES

The submodule capacitor’s RMS current follows the same process used for the refined capacitor RMS

current of the standard MMC. The RMS current is found by analyzing the upper phase arm current.

The phase arm current, iy, (t), modulation index, my,(t) are defined as follows
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iva(t) = IZTQ cos(wt + @) (E.12a)
Mmua(t) = % - “//S“ cos(wt) (E.12b)
DC

From these definitions, the x-intercepts, 71 and 75, can be found as follows

™= i (g — ¢) (E.13a)
T =1Ts — é (% + ¢) (E.13Db)

where ¢ is the relative phase shift between the voltage and current.

The RMS current can be directly calculated as follows

1 [m
SM Capacitor RMS Current = 2 | o / i2(t)dt (E.14)

where

ic(t) = <IA0a + IZTQ cos(wt + (;3)) my (t) (E.15a)
= (IAOQ + IZTQ cos(wt + (;3)) (% — “//DS‘; Cos(wt)> . (E.15b)

and evaluating the integral of i2 results in

= I2 1 K> K\ 1 K2\ 1
-2 Ya . .
dt == || s+ 55 |t + (—55 ) —sin(wt) + | =5 | =— sin(2wt + 2¢
/T e K2 [(128 32) ( 32) o.)Sl (wt) (32) 2w sin( )

Ky 1 1\ 1
A 2 ) — sin(4wt + 2
+( 32) 3, Sin(Bwt +20) + (128w> I St + ¢>]

(E.16)

T2

T1

The p.f. that imposes the highest RMS current stress on the capacitor is 1.0. Thus, the RMS current

rating should be based on ¢ = 0. The resulting equation for the capacitor RMS current rating is

, , 2[( 1 K2\ -1 ry 1 Ky —1
SM Capacitor RMS Current Rating = 2\/? [(1—28 + 5) —+ (——) -+ (_ﬁ) g} (E.17)

E.4 Capacitor RMS Current Verification

Table E.1 verifies the above expressions with a PSCAD/EMTDC full-switched simulation model of a
standard MMC and a MMC with distributed BES. The MMCs are composed of 4 submodules per phase
arm, and utilize phase disposition pulse width modulation [51]. In the simulations, both MMCs are
connected to a 60H z, 600V}; rms grid. An overhead voltage, x, of 1.17 is used, thus the MMC operates
with a dc link voltage of 1.2kV. Table E.1 summarizes the simulation results for a standard MMC when
it outputs 114k VA to the grid. Table E.2 summarizes the simulation results for a MMC with distributed
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BES when it outputs 114kVA to the grid.

Table E.1: Verification of RMS Current Equations for a Standard MMC

Simulation Analytic Analytic

P.F. | Module | RMS Current | RMS Current (Refined) | RMS Current (Simplified)
0.0 1 42.0 42.00

0.0 2 41.9 42.00

0.0 3 41.8 42.00

0.0 4 41.7 42.00

0.7 1 38.6 40.2

0.7 2 38.8 40.2

0.7 3 38.7 40.2

0.7 4 38.6 40.2

1.0 1 36.4 37.9 40.0
1.0 2 36.4 37.9 40.0
1.0 3 36.4 37.9 40.0
1.0 4 36.2 37.9 40.0

Table E.2: Verification of RMS Current Equations for a MMC with Distributed BES

Simulation Analytic
P.F. | Module | RMS Current | RMS Current (Refined)
0.7 1 40.1 43.1
0.7 2 40.0 43.1
0.7 3 40.0 43.1
0.7 4 40.3 43.1
1.0 1 40.4 43.5
1.0 2 40.3 43.5
1.0 3 40.3 43.5
1.0 4 40.3 43.5
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Standard MMC Component Ratings

This appendix presents the design equations used to rate the components of a standard MMC. For

reference, the schematic for the MMC is repeated in Fig. F.1.

Phase Arm Phase Leg

_/_
DC a = _| -
Link b 4

(b)  Standard Submodule
(S-SM)

|

) SM NE sMNE | [sm

(a) MMC Converter Structure

Figure F.1: The MMC with two submodule variants.

To define the component ratings, the following information is required: the ac grid voltage (vs(t)),
the power rating of the converter (S,qteqd), and the overhead voltage (k). The overhead voltage, k,
specifies the additional voltage headroom required for control and voltage drop across grid interface

impedances (i.e. % is the nominal modulation index).

From vg(t) and k, the dc link voltage can be immediately specified by
VDC = QKVS. (Fl)

The power rating of the converter with the ac grid voltage would determine the rated peak value of the

ac output current, fg.
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F.1 Phase Arm Inductor

The purpose of the phase arm inductor is to limit the rate of change of current during switching transi-

tions in the phase arms and faults, and to provide filtering of both ac and dc output currents.

F.1.1 Inductor Voltage Rating

In the case of faults, the inductor must be rated for the line to line grid voltage.

Inductor Voltage Rating : Vg (I, rms) (F.2)

F.1.2 Inductor Current Rating for Standard MMCs

The current rating of the inductor must be rated for the RMS current of the phase arm, but its saturation
current must be higher than the peak current of the phase arm. In a standard MMC, the phase arm

currents are equal to

i (£) : izﬂ; ON. (F.3a)
iLx(t) : izg;(t) — Iaoz (FSb)

for « € {a,b, ¢, }. From power balance, Iao, is equal to

Wsls
Inoz = QVDC (F.4)
The resulting RMS and Peak current ratings would be
NP
Inductor RMS Current Rating : 4| I%,, + (;—ji) (F.5a)
Inductor Peak Current : Iag, + I (F.5b)

2

where the value of I, is the peak ac current at rated power.

F.2 Submodule Capacitor

The submodule capacitor allows the MMC to safely produce a multilevel waveform. It limits the voltage

across the submodule switches, and eliminates the need for a dc link capacitor [12].

F.2.1 Capacitor Voltage Rating

A MMC with N modules would produce an multilevel output voltage of N + 1 steps. To achieve this,

each submodule capacitor must be rated for a nominal voltage of

SM Capacitor Voltage Rating : % (F.6)
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F.2.2 Capacitor RMS Current Rating for Standard MMCs

The current rating of the submodule capacitor for a standard MMC is given by

1 [
SM Capacitor RMS Current Rating = 2/ T / i2(¢t)dt
T1

where

& 2[5 3 1 K21
-2 _ ¥y 2 - n — 2
/T fedt =25 {(128 610+ TogE T 3p tgg oo (¢)> !
1 Kk cos(p)\ 1 .
~ sin(wt
Gin 32 128k > o Snwt)
K 1 K cos(¢)
32 64n 32

(
(
. (6422) %Sin@wt) + <g—;> %Sin(?uﬁf—l— 209)
(
(

) i sin(wt + @)

1
o sin(2wt + ¢)

3 cos<¢>>
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(F.8a)

(F.8b)

The maximum RMS current rating is found for ¢ = 7. The derivation of (F.7) to (F.9) is included in

Appendix E.

F.3 Submodule Switch Rating

The submodule switches must withstand the submodule capacitor’s voltage rating, but be able to conduct

the MMC'’s average and peak currents.

F.3.1 Submodule Switch Voltage Rating

To withstand the submodule capacitor’s voltage rating, each submodule switch must be rated for a

nominal voltage of

Switch Voltage Rating : %

(F.10)
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F.3.2 Submodule Switch Current Rating for Standard MMCs

The average and peak currents of the submodule switches in a standard MMC are based on the current

of the phase arms. This implies the following current ratings:

I 2I
Rated Average Switch Current : —~_ (4 —Ts) + TE sin(wTy) (F.11a)
s Wils
; 2
Rated RMS Switch Current : | 12, + | —= F.11b
w A0 (2\/5 ( )
. Iy

Rated Peak Switch Current : Iag + £ (F.11c)

where T is the fundamental frequency period and

VSjE 1
Ing = — F.12
A0 5 Voo ( )

1| Vi

= » [cos 1 <_ﬁsc> - qﬁ] (F.13)

¢ =0. (F.14)



Appendix G

Three Phase Inductor

Configurations

This appendix covers the different configurations of a three-phase inductor when used as a single phase

inductor. This can be useful in varying the inductance of the MMC phase arm inductors.

G.1 Inductor Configuration Summary

Table G.1 is a summary of the different inductance values that can be achieved with a three phase
inductor connected as a single phase inductor. In Table G.1, L,4eq is the nameplate value of the

inductor.

Table G.1: Overview of Inductor Configurations

Winding Configurations | Value

Regular 3 Phase Lyrated
Series Winding 2L, qted
Single Winding 2 Lrated
Parallel Winding %Lmted

G.2 Three Phase Inductor Configurations

Fig. G.1 shows a three phase inductor and its associated magnetic circuit.
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Figure G.1: 3 Phase Inductor with Equivalent Magnetic Circuit

G.2.1 Self Inductance

The self inductance of a winding, in this case winding 1, is given by

N2
L, ==t G.1
1T R (G.1)
2 N2
=-_1 G.2
S E (G2)

where R, is the reluctance of a single branch of the three phase inductor, and N; is the turns ratio of
the winding.

G.2.2 Mutual Inductance

The mutual inductance of the windings 1 and 2 is calculated by finding the flux through winding 1 due

to a current applied by winding 2. This results in a mutual inductance given by

N- A
Lis= %d)l =2 (G.3)
12 12
Naig
_ 4
o1 3R, (G.4)
N2
L= ——1 G.5
1,2 3R, (G.5)

Since the three phase inductor is symmetric for all three phases, all mutual inductances are identical.

G.2.3 Impedance Matrix

For the three phase inductor, Ny = Ny = N3 = N. For two windings, the impedance matrix will be:

NE " 65

L1 Lip
Loy Loy
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where
2 N2
L L —— G.7
1,1 22= 3 R, (G.7)
1 N2
L Lo1=—-— G.8
1,2 2,1 3R, (G.8)

G.2.4 Rated Inductance

%—j. This can be found by expressing the

self and mutual inductances of all three phases as an impedance matrix, and converting the system of

The rated inductance of a three phase inductor is: Lygieq =

equations into aB3z' reference frame. Alternatively, one may note that the flux in the material sums to

zero where all three branches of the magnetic circuit meet.

G.2.5 Single Winding

1IN
> . 7 S Dy 4
g <
AR ! R3 R ¥ R
Vin C S esQ S C S
r Nysis

Figure G.2: 3 Phase Inductor - Single Winding Configuration

If current is injected into a single winding as shown in Figure G.2 then from (G.6), the measured

inductance is

2 N2
Lsin e = 55 G.9
gl 3 Rg ( )
The maximum flux is then
NZ.TY, C
(bmax = R;a:r (GlO)

where 7,42 18 % times the rated current, provided that the wire can handle the current. The resulting

inductance is therefore % of the rated value.

G.2.6 Parallel Configuration

From Fig. G.3, the following can be determined:

Ttot = 11 + 12 (G.ll)
Mot = A1 = Ao (G.12)

1z denotes zero
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Figure G.3: 3 Phase Inductor - Parallel Winding Configuration

From (G.6), the following equations may be written:

Atot = L1111 + L1 212 (G.13)
Atot = L1 211 + Lo 212 (G.14)

Substituting 71 = 74t — i2 and adding these two equations produces:

2M ot = (L1,1 + L1,2)itor (G.15)
1 .
Aot = E(Lrated)ltot (G.16)
G.2.7 Series Configuration
‘/I/ol,
Y %ot
1 Z
+l—y f———y + L——,
e e3Q €2

Figure G.4: 3 Phase Inductor - Series Winding Configuration

From Fig. G.4, the following can be determined:

itor = 11 = —i2 (G.17)
Atot = A1 — A2 (G.18)
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From (G.6), the following equations may be written:

A = (L1 — L1 2)itor
Ao = —(L12— La2)itor

Subtracting these two produces:

Aot = 2(L1,1 — L1 2)dtot
)\tot - 2(Lrated)itot

G.3 Verification

Table G.2: Inductor Specifications

Parameter | Value
Company | Rex Manufacturing
Model 3PR-0034C3H
Irated 34 A

L 0.83mH
Max Volt 600V
Freq 60 Hz

Table G.3: Survey of Inductance Parameters

Winding Configuration | L Measured | L Expected

Regular 3 Phase 0.80mH 0.83mH
Series Winding 1.55mH 1.66mH
Single Winding (¢ Winding) 0.58mH 0.55mH
Single Winding (b Winding) 0.63mH 0.55mH
Parallel Winding 0.18mH 0.14
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i {--Agilent Technologies

Figure G.5: Regular 3 Phase Inductor Waveforms

: {--Agilent Technologies

Figure G.6: Inductor Waveforms of Single Winding Configuration using a windings

: {--Agilent Technologies

Figure G.7: Inductor Waveforms of Single Winding Configuration using b windings
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Figure G.8: Inductor Waveforms of Parallel Winding Configuration

-:f}iii{}:—-Agilent Technologies

Figure G.9: Inductor waveforms of parallel winding configuration. For these results, the core is being
saturated. Current rating is not increased by using the core in parallel.

Figure G.10: Inductor Waveforms of Series Winding Configuration
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