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DUAL VOLTAGE AND CURRENT LOOP LINEARIZATION CONTROL AND
VOLTAGE BALANCING CONTROL FOR SOLID STATE TRANSFORMER

Cross-Reference To Related Application

This application clams the benefit of Singapore Patent Application No.
10201802869Q, entitled “Dua Voltage And Current Loop Linearization Control And
Voltage Balancing Control For Solid State Transformer” and filed on 5 April 2018, which

isexpressly incorporated by reference herein in its entirety.

Field of the Invention

This disclosure relates to an improved Solid State Transformer (SST). Particularly,
this disclosure relates to a Direct Current (DC) bus capacitor voltage balancing method at
the High Voltage (HV) side of a SST system. Further, this disclosure relates to alinearized
Dual Active Bridge (DAB) feedback control.

Background

Figure 1 shows one known implementation of a modular SST circuit topology for
Low Voltage (LV) side grid tied application. Briefly, a SST typically comprisesaHV side
110, aLV side 130 and a DAB 120 between the HV 110 and LV 130. Returning back to
figure 1, the HV side 110 Neutral Point Clamp (NPC) 3-level Cascaded H-Bridge (CHB)
converter are connected to single phase HV side Alternating Current (AC) voltage source.
For each individual DAB module, its HV side NPC half bridge DC-AC converter is
connected through aHV side DC bus to NPC CHB module. The modular DAB LV side 2-
level full bridge AC-DC converters are connected through a common LV DC busto aLV
AC grid tied three-phase inverter. This NPC CHB 3-level SST circuit configuration
supports bi-directional power flow between HV and LV AC grid sources with less number
of High Frequency (HF) transformers and power devices. As the last solution for capacitor
over voltage protection of this SST circuit, an individual chopper discharging circuit is
connected to each DC bus capacitor. In normal SST operation, the chopper discharging
circuit should not be activated in normal power regulation. For this NPC CHB SST circuit
topology, it is required that the NPC top/bottom capacitor voltage balancing control to be
implemented in NPC CHB controller to avoid unsymmetrical HF transformer current

generated by the DAB NPC capacitor voltage balancing control. Module level voltage
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balancing control is also required for this NPC CHB SST circuit topology to minimize the
NPC CHB circuit total DC bus voltage variation.

Figure 2 shows another popular modular SST circuit topology composed of 2-level
full bridge converter for both CHB and DAB. For the same HV side 110 grid voltage level
and CHB power device voltage rating, 2-level full bridge SST circuit topology requires
more levels of CHB and DAB modules and more number of HF transformers. Similar to
the SST NPC CHB circuit topology, a chopper discharging circuit is connected to each
capacitor as the last solution for SST DC bus over voltage protection. Module level HV
side DC bus voltage balancing control is required for this SST circuit topology to
minimize the CHB DC bus voltage variation.

In SST system, the control objective of LV side 130 DC-AC inverter is to regulate
the bi-direction of active power flow of the entire SST system around its target value and
to regulate the bi-direction reactive power output to LV side grid around its reference
value. The control objective of HV side CHB converter is to regulate the total HV DC bus
voltage around its target value with fast dynamic response with evenly distributed voltage
output among each CHB module. The control objective of modular DAB DC-DC
converter is to regulate the LV DC bus voltage around its target value with fast dynamic
response.

In the SST converter system, module level HV side 110 DC bus voltage balancing
could be affected by the imperfect HV side CHB control performance due to the non-ideal
power switching operation, the practical HV side DC bus capacitance variation, and the
imperfect DAB current/power distribution performance due to DAB module-to-module
circuit parameter variations. The unbalanced HV side DC bus voltage will cause the
capacitor or power device overvoltage in the CHB and DAB circuit and trigger the SST
overvoltage protection.

Conventionally, the modular CHB converter voltage balancing control is generaly
applied for SST HV side DC bus voltage balancing control. The often cited limitation of
this type of voltage balancing solution is that it requires significant amount of reactive
current flow in the CHB converter for the voltage balancing agorithm to work properly in
light load condition. Another disadvantage of CHB voltage balancing algorithm is that the
grid current is slightly distorted due to PWM modulation signal injection from the voltage
balancing algorithm.



10

15

20

25

30

Figures 3a and 3b show the conventional module level H-bridge voltage balancing
control for HV side 110 CHB converter in regular power regulation for the 2-level full
bridge CHB and DAB SST circuit topology shown in Figure 2. The H-bridge voltage
balancing scheme shown in figure 3ais responsible for module level HV DC bus voltage
balancing control. The capacitor voltage error is regulated by a Pl controller to generate d-
axis voltage reference compensation signal which is added to the fundamental d-axis
voltage reference generated by the d-axis current regulation. In this configuration, if the
active power unbalance among the DAB modulesis too large, the CHB voltage balancing
algorithm will not be able to maintain the balanced HV DC bus voltage. Figure 3b shows
the power balance control scheme implemented in DAB controller to help to reduce the
active power unbalance generated by the DAB module circuit parameter variation so that
the conventional CHB voltage balancing algorithm can work more effectively.

The disadvantage of the power balancing control scheme based on that shown in
figures 3aand 3b is that the CHB voltage balancing control is only applied as inputs to the
d-axis voltages. This type of voltage balancing control is not effective in the start-up
process of SST when only CHB converter control is activated and when CHB is operating
around zero power condition. For this power balancing control scheme, reactive current in
CHB cannot help to improve the voltage balancing performance because g-axis voltage
reference is not affected by the voltage balancing component. Another disadvantage of this
SST power voltage balancing control scheme is that the DAB power balancing control is a
feedforward control to mitigate the DAB control sensitivity to circuit parameter variations,
and CHB voltage balancing control needs to be activated in the entire operation range of
SST in normal power regulation.

An enhanced CHB capacitor voltage balancing scheme is proposed as shown in
figure 4 with DC bus voltage error proportional control method which utilizes the
magnitude normalized grid current to change the direction of voltage balancing PWM
modulation injection signal. The DC bus voltage error passes through a moving average
filter (MAF) as one input for voltage balancing control. The peak value of grid current is
computed from root mean sguare (RMS) value of the grid current. The magnitude
normalized grid current is computed by dividing the grid current signal by its peak value.
This CHB voltage balancing control method can be applied for individual NPC CHB
module top/bottom voltage balancing control as well as SST module level voltage

balancing control. When applied in SST converter system, the CHB voltage balancing
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control performance will be improved by injecting certain amount of reactive current in
the CHB control at zero power or light load condition. However, the disadvantage of this
CHB voltage balancing control is that the load/power dynamic response from the DAB
may vary.

Figure 5 shows a SST HV DC bus voltage balancing control which isimplemented
in single voltage loop DAB control system by directly generating the phase shift angle
adjustment signals for each individua DAB. However, the disadvantage of this DAB
control based voltage balancing control scheme is that single voltage loop DAB control is
slow in load/power dynamic response and very sensitive to the DAB parameter variations.
This creates extra disturbance to the Pl controller in the load/power dynamic transition
period. The dynamic performance of this DAB voltage balancing control is not reliable.

Hence, those skilled in the art are striving to provide an improved method of
balancing the Direct Current (DC) bus capacitor voltage at the High Voltage (HV) side of
a SST system.

Summary of the Invention

The above and other problems are solved and an advance in the state of the art is
made by systems and methods provided by embodiments in accordance with the
disclosure. The first advantage of embodiments of systems and methods in accordance
with the disclosure is that systems and methods are able to minimize the HV side DC bus
voltage unbalance in SST start-up process with enforced reactive current flow in CHB
converter circuit with enhanced CHB module voltage balancing control implemented. The
second advantage of embodiments of systems and methods in accordance with the
disclosure is that systems and methods are able to minimize the HV side DC bus voltage
unbalance in SST normal power regulation with current distribution adjustment based on
module level voltage error implemented in the dual voltage and current loop DAB control
system. The third advantage of embodiments of system and methods in accordance with
the disclosure is that systems and methods minimize the HV side DC bus voltage
unbalance in the fast dynamic load/power transition process. The fourth advantage of
embodiments of system and methods in accordance with the disclosure is that systems and
methods can be implemented to DC link type SST circuit topology, including the 2-level
full bridge CHB, 3-level NPC CHB circuit topology and other higher level CHB and DAB

circuit topology.
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A first aspect of the disclosure relates to a method of controlling a Solid State
Transformer (SST). The method comprises: dividing a dua active bridge (DAB) power
reference by a Low Voltage (LV) side Direct Current (DC) link voltage to obtain a tota
DAB reference current; dividing the total DAB current reference by N number of DAB
modules to obtain a reference current for each DAB module; in response to SST beingin a
normal power regulation, determining a deviation of a capacitor voltage at the HV side of
each of a k DAB modules with reference from an average voltage from the HV DC bus;
determining a current adjustment signal for each of the k DAB modules based on the total
DAB reference current and a corresponding deviation of the capacitor voltage of each of
the kK DAB modules; adding the current adjustment signal together with the reference
current for each DAB module to obtain a total current reference for each of the k DAB
modules; and subtracting a sum of the total current reference of each of the k DAB
modules from the total DAB reference current to determine a total current reference of an
N"™ DAB module, whereink=1,..., N - 1.

In an embodiment of the first aspect of the disclosure, the step of determining a
current adjustment signal for each of the k DAB modules based on the tota DAB
reference current and a corresponding deviation of the capacitor voltage of each of the k
DAB modules comprises multiplying the deviation of the capacitor voltage at the HV side
of each DAB module, aload dependent voltage balancing proportional compensation gain,
and a magnitude of the reference current for each of the k DAB modules. The voltage
balancing proportional compensation gain can be positive values which can be obtained
from alook-up table.

In an embodiment of the first aspect of the disclosure, the current adjustment signal
is saturated before adding together with the reference current for each DAB module to
obtain the total current reference for each of the k DAB modules.

In an embodiment of the first aspect of the disclosure, the method further
comprises: in response to the total current reference of the N DAB module being
positive, increasing the magnitude of the reference current for a DAB module with higher
deviation of the capacitor voltage.

In an embodiment of the first aspect of the disclosure, the method further
comprises: in response to the total current reference of the N DAB module being
negative, reducing the magnitude of the reference current for a DAB module with higher

deviation of the capacitor voltage.
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In an embodiment of the first aspect of the disclosure, the method further
comprises. in response to the total current reference of the N DAB module being
positive, reducing the magnitude of the reference current for a DAB module with lower
deviation of the capacitor voltage.

In an embodiment of the first aspect of the disclosure, the method further
comprises. in response to the total current reference of the N DAB module being
negative, increasing the magnitude of the reference current for a DAB module with lower
deviation of the capacitor voltage.

In an embodiment of the first aspect of the disclosure, the method further
comprises: in response to SST being in a normal power regulation, applying the reference
current of each DAB module as the total current reference for each DAB module. In an
embodiment of this embodiment, the method further comprises enforcing minimum HV
side reactive power.

In an embodiment of the first aspect of the disclosure, the method further
comprises linearizing a current and voltage in each DAB module.

In an embodiment of the first aspect of the disclosure, the step of linearizing the
current and voltage in each DAB module comprises. applying a non-linear compensation
function between a proportiona-integral (Pl) controller and a DAB plant, the non-linear
compensation function being

B 1

a, , +a
X Vpeyy * cos(%) * cos(%)

where Vp,,,, refersto capacitor voltage at the HV side of each DAB module, a; 1, a; 3, a3
are phase shift angles from the DAB plant, 8 refers to the input of the DAB plant and x
refers to the output of the PI.

In an embodiment of the first aspect of the disclosure, the step of linearizing the
current and voltage in each DAB module further comprises: passing a low voltage output
current through a low pass filter and using the filtered output current as a feedback signal;
obtaining a difference between an input current and the feedback signal and passing a
signal representing the difference through a proportional-integral (Pl1) controller and the
non-linear compensation function; and performing linearization of a voltage by using a
square of alow voltage output voltage as a feedback signal to the reference voltage.
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Brief Description of the Drawings

The above advantages and features in accordance with this invention are described
in the following detailed description and are shown in the following drawings:

Figure 1 illustrating the SST circuit topology with NPC CHB and HV side half-
bridge NPC DAB;

Figure 2 illustrating the SST circuit topology with 2-level full bridge CHB and
DAB,;

Figure 3aillustrating the CHB voltage balancing control of SST with CHB voltage
balancing control and DAB power balancing control;

Figure 3b illustrating the DAB power balancing control of SST with CHB voltage
balancing control and DAB power balancing control;

Figure 4 illustrating the Enhanced H-bridge voltage balancing control;

Figure 5 illustrating the SST with single voltage loop DAB voltage balancing
control;

Figure 6 illustrating the SST HV DC bus voltage balancing strategy proposed for
NPC CHB SST;

Figure 7 illustrating the Modular DAB current distribution based HV DC bus
voltage balancing control;

Figure 8 illustrating the NPC CHB HV DC bus voltage balancing control applied
in SST start-up;

Figure 9 illustrating the SST HV DC bus voltage balancing strategy for 2-level full
bridge CHB SST;

Figure 10 illustrating the 2-level full bridge CHB HV DC bus voltage balancing
control for SST start-up;

Figure 11 illustrating the DAB output voltage/current with multiple phase shift
angles,

Figure 12 illustrating the Modular 2-level full bridge DAB for SST application;

Figure 13 illustrating the Modular HV side NPC 3-level half bridge DAB for SST
application;

Figure 14 illustrating the DAB Converter Model with Multiple Phase Shift from
Working Principal;

Figure 15 illustrating the Non-linear DAB Dynamic Model with Multiple Phase
Shift Angles,
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Figure 16 illustrating the Linearized DAB Current Control Scheme;

Figure 17 illustrating the Linearized DAB averaged current control loop with 2™
order low passfilter;

Figure 18 illustrating the Linearized current control scheme for 2-level full bridge
DAB Circuit;

Figure 19 illustrating the Linearized current control scheme for HV side NPC 3-
level DAB;

Figure 20 illustrating the Single Module DAB Linearized Dua Voltage and
Current Loop Control;

Figure 21 illustrating the Single Module DAB Linearized Voltage Outer Control
Loop;

Figure 22 illustrating the Modular DAB Linearized Dua Voltage and Current
Control Scheme;

Figure 23 illustrating the modular DAB Linearized Voltage Outer Control Loop;

Figure 24 illustrating the SST DAB current distribution based HV bus voltage
balancing control and the modular DAB linearized dua voltage and current control
system;

Figure 25 illustrating the DAB circuit model implemented in the PLECS RT boxes
for the SST real time emulation,

Figure 26aillustrating the CHB balancing control signals of SST switches between
CHB voltage balancing control without reactive power and DAB voltage balancing control
in zero power condition;

Figure 26aillustrating the DAB balancing control signals of SST switches between
CHB voltage balancing control without reactive power and DAB voltage balancing control
in zero power condition;

Figure 27a illustrating the SST control performance of SST from CHB voltage
balancing without enforced CHB reactive power to DAB voltage balancing in 500W light
power operation condition;

Figure 27a illustrating the CHB unbalance control signals of SST from CHB
voltage balancing without enforced CHB reactive power to DAB voltage balancing in

500W light power operation condition;
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Figure 28b illustrating the SST control performance of SST switches from CHB
voltage balancing with enforced 1kVA CHB reactive power to DAB voltage balancing in
zero power condition;

Figure 28a illustrating the CHB voltage balancing signals of SST switches from
CHB voltage balancing with enforced 1kVA CHB reactive power to DAB voltage
balancing in zero power condition;

Figure 29b illustrating the CHB control signals of the DAB voltage balancing
performance in power ramping process,

Figure 29a illustrating the DAB control signals of the DAB voltage balancing
performance in power ramping process,

Figure 30b illustrating the CHB control signals of the DAB voltage balancing
performance in power step process;

Figure 30a illustrating the DAB control signals of the DAB voltage balancing
performance in power step process;

Figure 31a illustrating the DAB control signals of SST steady state performance
with power flow from LV grid to HV grid with DAB module operating at +1kW light load
condition;

Figure 31b illustrating the DAB circuit signals of SST steady state performance
with power flow from LV grid to HV grid with DAB module operating at +1kW light load
condition;

Figure 32a illustrating the DAB control signals of SST steady state performance
with power flow from HV grid to LV grid with DAB module operating at +6kW full load
condition;

Figure 32b illustrating the DAB circuit signals of SST steady state performance
with power flow from HV grid to LV grid with DAB module operating at +6kW full load
condition;

Figure 33a illustrating the DAB control signals of SST steady state performance
with power flow from LV grid to HV grid with DAB module operate at -6kW full load
condition;

Figure 33b illustrating the DAB circuit signals of SST steady state performance
with power flow from LV grid to HV grid with DAB module operate at -6kW full load

condition;
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Figure 34a illustrating the SST emulation results showing SST module converter
performance for DAB control in LV side DC capacitor charging up with +/-20% DAB
circuit external inductance variation among DAB modules;

Figure 34b illustrating the SST emulation results of DAB DC-DC control signas
for DAB control in LV side DC capacitor charging up with +/-20% DAB circuit externa
inductance variation among DAB modules;

Figure 35a illustrating the SST emulation results showing SST converter
performance for positive power ramp to -18kW with +/-20% DAB externa inductance
variation among DAB modules;

Figure 35b illustrating the SST emulation results of Modular DAB control signals
for positive power ramp to -18kW with +/-20% DAB external inductance variation among
DAB modules,

Figure 36a illustrating the SST emulation results showing SST converter
performance for negative power ramp to -18kW with +/-20% DAB externa inductance
variation among DAB modules;

Figure 36b illustrating the SST emulation results of Modular DAB control signals
for negative power ramp to -18kW with +/-20% DAB externa inductance variation among
DAB modules,

Figure 37a illustrating the SST emulation results showing SST converter
performance for positive power step change to -18kW with +/-20% externa inductance
variation among DAB modules;

Figure 37b illustrating the SST emulation results of Modular DAB control signals
for positive power step change to -18kW with +/-20% external inductance variation
among DAB modules,

Figure 38a illustrating the SST emulation results showing SST converter
performance for negative power step change to -18kW with +/-20% external inductance
variation among DAB modules; and

Figure 38b illustrating the SST emulation results of Modular DAB control signals
for negative power step change to -18kW with +/-20% external inductance variation

among DAB modules.

Detailed Description

10
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This disclosure relates to an improved Solid State Transformer (SST). Particularly,
this disclosure relates to a Direct Current (DC) bus capacitor voltage balancing method at
the High Voltage (HV) side of a SST system. Further, this disclosure relates to alinearized
Dual Active Bridge (DAB) feedback control.

The method and system according to this disclosure involves several embodiments.
In afirst embodiment, the method and system involves DAB current distribution having a
dua current and voltage loop voltage balancing control. In a second embodiment, the
method and system involves a linearized DAB feedback control. In a third embodiment,
the method and system involves the combination of the first and second embodiments.

First embodiment

The method and system according to the DAB current distribution with a dua
current and voltage loop voltage balancing control is capable of achieving excellent
voltage balancing performance in the zero power or light load condition without requiring
HV grid current flow and robust to SST CHB and DAB circuit parameter variations. The
combination of CHB voltage balancing control with minimum reactive power/current
injection at SST start-up process and DAB voltage balancing control in normal SST power
regulation is the best SST voltage balancing scheme to minimise the capacitor voltage
variationin HV DC bus.

The DAB current distribution with a dua current and voltage loop voltage
balancing control minimizes the HV side DC bus capacitor voltage unbalancein SST start-
up process with enforced reactive current flow in CHB converter circuit with enhanced
CHB module voltage balancing control implemented. The DAB current distribution with a
dua current and voltage loop voltage balancing control also minimizes the HV side DC
bus capacitor voltage unbalance in SST normal power regulation with current distribution
adjustment based on module level voltage error implemented. In the zero power and light
load condition in normal SST power regulation, with the DAB current distribution having
a dua current and voltage loop voltage balancing control, the reactive current flow in
CHB circuit is not required when DAB voltage balancing algorithm is enabled and CHB
control module level voltage balancing is disabled.

Further, the DAB current distribution with a dual current and voltage loop voltage
balancing control minimizes the HV side DC bus voltage unbalance in the fast dynamic
load/power transition process. Advantageously, the DAB current distribution with a dual

current and voltage loop voltage balancing control can be generalized to various DC link
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type SST circuit topology, including the 2-level full bridge CHB, 3-level NPC CHB
circuit topology and other higher level CHB and DAB circuit topology.

Briefly, the method according to the first embodiment relates to a DC bus capacitor
voltage balancing method which can be used in a SST system.

Figure 6 shows a flow diagram of a process 600 performed by the SST HV side
DC bus voltage balancing control method in accordance with the first embodiment which
is applicable for the SST modular NPC CHB circuit configuration shown in figure 1. The
CHB NPC top/bottom voltage balancing control is always activated for NPC CHB circuit
configuration in the entire SST operation process.

Process 600 begins with 605 with SST start-up process. In a SST system, the SST
start-up process includes the HV DC bus voltage charging process and DAB LV side DC
bus voltage charging process. In short, charge up process will be activated for both HV
and LV DC busses at SST start-up.

In step 610, process 600 determines the operation mode of the SST. Specificaly,
process 600 determines whether the SST is till in the start-up or normal power regulation.
When the LV side three phase inverter control 130 is activated, the SST operation mode is
changed from start-up operation mode to the normal power regulation mode and process
600 proceeds to step 620. Otherwise, process 600 continues with step 615.

In step 615, process 600 enforces the minimum HV side CHB reactive
power/current constraint. Specifically, the CHB control based module voltage balancing is
activated in SST start-up operation mode to enforce the minimum HV side CHB reactive
power/current constraint. It should be noted that step 615 is optional and is dependent on
the components used in the HV converter. For example, if diodes are used to connect to
the grid, it will no longer require a minimum HV side CHB reactive power/current
constraint.

In step 620, process 600 removes the minimum HV side CHB reactive
power/current constraint. Specifically, in the norma power regulation mode, the DAB
current distribution based voltage balancing control is activated and CHB modular voltage
balancing control is deactivated.

After the start-up operation mode, process 600 determines whether the DAB
current distribution control is activated in step 618. If the DAB current distribution control
is activated, process 600 proceeds to step 625 to activate the DAB outer loop voltage

control. The DAB current distribution control may be manually or automatically activated
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and the exact configuration is left to one skilled in the art. For example, one skilled in the
art may wish to activate the DAB current distribution control immediately after step 615
automatically. Alternatively, the DAB current distribution control may be activated on
demand by a user. If the DAB current distribution control is not activated, process 600
proceeds to step 635 to activate the CHB NPC top-bottom balancing control.

In the normal power regulation mode, the DAB current distribution control is
activated in step 622. Thereafter, process 600 proceeds to step 624 to generate the DAB
current references before proceeding to step 630. It should be noted that step 624 is not
required between step 625 and step 630. Thisis because in the start-up mode, DAB current
reference is simply the nominal current reference 750. This will be explained further
below with reference to figure 7.

After step 624 and step 625, process 600 proceeds to step 630 to activate the DAB
current loop control to determine the DAB current references to minimize the HV DC bus
voltage unbalance. The details of determining the DAB current references are provided
below with reference to figure 7.

In step 635, process 600 activates the CHB NPC top-bottom voltage balancing
control.

In step 640, process 600 activates the basic dual voltage current loop CHB control.

In step 645, process 600 activates CHB PWM modulation signal generation.

Process 600 ends after step 645.

Figure 7 illustrates the implementation details of modular DAB current distribution
with dual current and voltage loop voltage balancing control. In DAB voltage control, the
total DAB power reference 761 is generated from proportional integral (Pl) regulation of
the square of LV side voltage feedback signal. The total DAB current is generated by
dividing the DAB power reference by the LV side DC link voltage. The nominal current
of individual DAB module is computed by dividing the total current reference by the
number of DAB modules. When DAB current distribution based voltage balancing control
is disabled/deactivated, the nomina DAB module current is applied as the reference
current for all DAB modules for modular DAB inner current feedback control.

In the SST normal power regulation, DAB current distribution based HV DC bus
voltage balancing control algorithm is enabled/activated. For the SST circuit with “N” sets
of CHB and DAB module pairs, the equations (1) to (4) are applied by the DAB voltage

13
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balancing controller to generate the DAB current references to minimize the HV DC bus
voltage unbalance.

The individua HV DC bus voltage error rate of the “N-1" modules with respect to
the average HV DC bus voltage 720 is denoted as VDCyy(k)_ErrRate 710 which is
calculated from equation (1). The VDCyy (k)_ErrRate 710 is a measure of the deviation of
the DC bus capacitor voltage at the HV side of each of the k DAB module with reference
from the average voltage 720 from the HV DC bus. The average voltage 720 from the HV
DC bus is the summation of the voltage from the HV DC bus link divided by the total

number of DAB modul es.

VDChy(k)-VDCyy(avg) 1)

VDCpy(k)_ErrRate = vDChy(avg)

Wherek=1, ..., N-1

The current adjustment signals of the voltage balancing control of the “N-1"
individual modules, which is denoted as | DAB(kK) Comp 730, is calculated from
equation (2) as the multiplication of HV DC bus voltage error rate 710, a load dependent
voltage balancing proportional compensation gain 740, and the magnitude of the nominal
DAB module current magnitude 751. The voltage balancing proportional compensation
gain 740, “Balance_gain”, can be positive values which can be obtained from a look-up
table with total DAB current magnitude as its input. The look-up table is provided below.
At SST light load condition, larger voltage balancing proportional gain is applied when
DAB current magnitude is smaller to improve the sensitivity of voltage baancing
algorithm. At SST heavy load/power condition, the voltage balancing gain is reduced.

Input current total (Abs) Balance gain
0 20
6 20
9 10
12
40
Look-up table

14
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[_DAB(k)_Comp = VDCyy(k)_ErrRate * Balance_Gain = |I_DAB_REF_NORM|

(2
Where, k=1, ..., N-1

The total current reference of each of the “N-1" DAB modules 731-733 is obtained
by adding the saturated voltage balancing adjustment current component together with the
nomina reference current 750 using equation (3). The voltage balancing adjustment
current component is saturated by limiting the value with a maximum limit of 15 and/or
minimum limit of -15 One skilled in the art will recognise that the maximum and
minimum limit is based on the limitation of the components used and the exact value is

left as a design choice to one skilled in the art.

I_DAB(k)_REF = Limit( I_DAB(k)_Comp) + I_DAB_REF_NORM ?3)

Where, k=1, ..., N-1

The total current reference of the “N™ DAB module 734 is obtained by
subtracting the sum of the current reference of the “N-1" DAB modules 731-733 from the
total DAB current reference 760 using equation (4), so that the total DAB current of al
modules can be regulated by the DAB voltage controller.

I_DAB(N)_REF = 1.DAB_REF_TOTAL — ¥*=N-1] DAB(k)_REF
(4)

Based on equation (2), the sign of DAB voltage balancing adjustment current
component corresponds to the sign of the HV DC bus voltage error. When HV DC bus
voltage error 710 is positive, the DAB voltage balancing adjustment current component
730 is also positive.

In this condition, if the total current reference is positive 734, the DAB positive
current reference magnitude 751 is increased for a relevant DAB module with higher HV
DC bus voltage. The relevant DAB inner current loop regulation will transfer more power
from HV DC bus to LV DC bus, as shown generaly by arrow 125 in figure 1, by this
DAB module. This makes the HV DC capacitor 122 that is connected to the relevant DAB
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module discharges faster than HV DC capacitor 122 of other DAB modules so that the
capacitor voltage error of this relevant DAB module can be reduced. If the total current
reference 734 is negative, the DAB negative current reference magnitude 751 is reduced
for the relevant DAB module with higher HV DC bus voltage. This causes less power
transferred from LV DC bus to HV DC bus, as shown generally by arrow 126 in figure 1,
from this relevant DAB module. Therefore, the HV DC capacitor 122 that is connected to
the relevant DAB module charges slower than the HV DC capacitor 122 of other DAB
modules so as to reduce the capacitor voltage of this DAB module.

If HV DC bus voltage error is negative (i.e. DC bus voltage of this relevant DAB
module is below average), the DAB voltage balancing current adjustment component is
also negative.

In this condition, if the total current reference is positive 734, the DAB positive
current reference magnitude 751 is reduced for the relevant DAB module with lower
deviation of the capacitor voltage. This causes less power transferred from HV DC bus to
LV DC bus, as shown by arrow 125 in figure 1, by this relevant DAB module. This makes
the HV DC capacitor 122 that is connected to the relevant DAB modul e discharges slower
than HV DC capacitor 122 of other DAB modules so that the capacitor voltage of this
relevant DAB module can be increased. If the total current reference is negative 734, the
DAB negative current reference magnitude 751 is increased for the relevant DAB module
with lower HV DC bus voltage. This causes more power transferred from LV DC bus to
HV DC bus, as shown generally by arrow 126 in figure 1, by this relevant DAB module.
Therefore, the HV DC capacitor 122 that is connected to the relevant DAB module
charges faster than the HV DC capacitor 122 of other DAB modules so as to increase the
capacitor voltage of this DAB module.

Figure 8 shows the modular CHB voltage balancing control scheme for 3-level
NPC CHB circuit topology illustrated in Figure 1 utilizing a known CHB voltage
balancing concept. The inter CHB module NPC top and bottom capacitor voltage
balancing is enabled in the entire SST operation process. The modular level voltage CHB
balancing compensation is only enabled in the SST start-up process.

In SST start-up process when both CHB based NPC top/bottom HV DC bus
capacitor voltage balancing and CHB modular voltage balancing are enabled. Equations
(5) to (11) are utilized for voltage balancing control computation. The CHB module
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voltage is computed as sum of top capacitor voltage 810 and bottom capacitor voltage 820
using equation (5).

VDCyy (k) = VDC_HV_T_CAP(k) + VDC_HV_B_CAP(k) (5)
wherek=1,...,N

The CHB HV DC bus voltage error is computed as module voltage subtracting the
averaged module voltage 830 based on equation (6).

VDC_HV_MODU_ERR(k) = VDCyy (k) — VDCpy (avg) (6)

The CHB module level balancing compensation signal is computed from equation
(7) as multiplication of the module voltage error 840 with a module level compensation
gain (K_comp) 850 and magnitude normalized HV grid current signal 860.

CHB(k)_MODU =
VDC_HV_MODU_ERR(k) * K_.COMP = I_HV_GRID/I_AC_HV_GRID_PEAK ©)

The NPC top/bottom capacitor voltage balancing error is computed from equation
(8) by subtracting the bottom capacitor voltage and top capacitor voltage.

VDC_HV_TB_ERR(k) = VDC_HV_B_CAP(k) — VDC_HV_T_CAP(k) (8)

The NPC top/bottom capacitor balancing compensation signal 870 is computed
using equation (9) by multiplication of the voltage error 880 with a balancing proportional

compensation gain 890, and normalized grid current 891.

CHB(N)_NPC_CAP_TB_COMP (k) = VDC_HV_TB_ERR(k) * K.COMP_TB =
I_HV_GRID/I_HV_GRID_PEAK
9)

The NPC PWM modulation positive reference signa 892 is obtained from
eguation (10) by summing up the PWM modulation signal from CHB control 893 with the
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CHB module voltage balancing compensation signal 894 and the NPC top/bottom voltage
bal ancing compensation signal 870.

CHB(k)_Ref P =
CHB(N)_CTRL_PWM_Ref + CHB(k)_MODU + CHB(N)_NPC_CAP_TB_COMP(k)
(10)

The NPC PWM modulation negative reference signa 895 is obtained from
equation (11) by summing up the sign reversed PWM modulation signal from CHB
control with the sign reversed CHB module voltage balancing compensation signa 894
and the NPC top/bottom voltage balancing compensation signal 870.

CHB(k)_Ref N = (—1) * (CHB(N)_CTRL_PWM_Ref + CHB(k)_MODU) +
CHB(N)_NPC_CAP_TB_COMP(k) (12)

In SST normal power regulation, the CHB module voltage balancing is disabled.
This means that the CHB modul e voltage balancing compensation signal 894 would not be
available. Hence, the NPC positive and negative PWM modulation reference signals are

computed from equation (12) and (13) respectively.

CHB(k)_Ref P = CHB(N)_CTRL_PWM_Ref + CHB(N)_NPC_CAP_TB_COMP (k)
(12)

CHB(k)_Ref N =

(—1) *x CHB(N)_CTRL_PWM_Ref + CHB(N)_NPC_CAP_TB_COMP(k) (13)

Figure 9 shows a flow diagram of a process that is similar to process 600
performed by the SST HV side DC bus voltage balancing control method in accordance
with the first embodiment which is applicable for the SST modular 2-level full bridge
CHB circuit configuration shown in Figure 2. The HV DC bus voltage balancing is
simpler for 2-level full bridge SST circuit configuration with only module level voltage
balancing required. In brief, step 635 for NPC top/bottom capacitor voltage balancing
control is removed. When applied for SST circuit configuration of 2-level full bridge CHB
circuit topology configuration shown in Figure 2, the same DAB current distribution based
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HV DC bus voltage balancing control scheme shown in Figure 7 is applied in normal SST
power regulation. In SST start-up process, the CHB HV DC bus voltage balancing control
is smplified as shown in Figure 10 by removal the NPC top/bottom capacitor voltage
balancing control.

The method according to the first embodiment relates to controlling a Solid State
Transformer (SST). The method comprises: dividing a dual active bridge (DAB) power
reference on a Low Voltage (LV) side Direct Current (DC) link voltage to obtain a total
DAB reference current 760; dividing the total DAB current reference 760 by N number of
DAB modules to obtain areference current for each DAB module 750; in response to SST
being in a normal power regulation, determining a deviation of a capacitor voltage 710 at
the HV side of each of ak DAB modules with reference from an average voltage 720 from
the HV DC bus; determining a current adjustment signal 730 each of the k DAB modules
based on the total DAB reference current 760 and a corresponding deviation of the
capacitor voltage 710 of each of the k DAB modules; adding the current adjustment signal
730 together with the reference current for each DAB module 750 to obtain atotal current
reference for each of the k DAB modules 731-733; and subtracting a sum of the total
current reference of each of the k DAB modules with the total DAB reference current to
determine a total current reference of an N™ DAB module 734, wherein k = 1,..., N - 1.
Further, the current adjustment signal is saturated before adding together with the
reference current for each DAB module to obtain the total current reference for each of the
k DAB modules

More specifically, the step of determining a current adjustment signal 730 for each
of the k DAB modules based on the total DAB reference current 760 and a corresponding
deviation of the capacitor voltage 710 of each of the k DAB modules comprises:
multiplying the deviation of the capacitor voltage 710 at the HV side of each DAB
module, a load dependent voltage balancing proportional compensation gain 740, and a
magnitude of the reference current for each of the k DAB modules 751. The voltage
balancing proportional compensation gain can be positive vaues which can be obtained
from alook-up table.

If the total current reference of the N DAB module is positive, the method
increases the magnitude of the reference current for a DAB module with higher deviation
of the capacitor voltage and reduces the magnitude of the reference current for a DAB

module with lower deviation of the capacitor voltage.
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If the total current reference of the N DAB module is negative, the method
reduces the magnitude of the reference current for a DAB module with higher deviation of
the capacitor voltage and increases the magnitude of the reference current for a DAB
module with lower deviation of the capacitor voltage.

The method of controlling the SST further comprises:. in response to SST being in
anorma power regulation, enforcing minimum HV side reactive power and applying the
reference current of each DAB module as the total current reference for each DAB
module.

Second embodiment

The method and system according to the second embodiment is that the DAB
converter system voltage loop and current control loop are both linearized with non-linear
gain compensation so that the conventional linear controller design method can be readily
applied in voltage and current controller design to ensure uniformed dynamic performance
achieved in al operation conditions.

The linearized DAB feedback control enables uniformed inner current control loop
performance for al DAB modules in SST system with respect to the high frequency
transformer parameter variation, the DAB circuit externa inductance variation, and HV
side DC voltage variation. It also ensures inner current loop has desired stability margins
when operates at different inner phase shift angle settings and different HV/LV side DC
bus voltage levels. The linearized DAB feedback control achieves uniformed inner current
control loop dynamic performance in various operation conditions.

The outer DAB voltage control loop is linearized to achieve uniformed dynamic
performance at various operation conditions.

The linearized DAB feedback control supports bi-direction power flow regulation
of the SST converter with DAB current sensor mounted only on the LV side of DAB AC-
DC converter output. This simplifies the current control strategy and reduces the controller
complexity and sensor cost, that requires the current sensor signal to be changed between
HV side of DAB AC-DC converter and LV side of DAB AC-DC converter when power
flow direction changed. The linearized DAB feedback control can be applied for both 2-
level modular DAB circuit configuration shown in figure 2 and the HV side 3-level NPC
modular DAB configuration shown in figure 1. The DAB control solution proposed can be
readily generalized to be applied for other NPC 3-level DAB circuit configurations or

higher order DAB circuit configuration.
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Figure 11 illustrates the DAB converter voltage, the transformer primary current,
the transformer secondary current, and the LV side DAB output current with adjustable
phase shift angles a; 1, ;1 », @,, and B of the DC-DC converter. The angle f3 is the phase
angle difference between HV DAB converter and LV DAB converter bridges, which
regulates the direction and amplitude of the power flow between HV DC busand LV DC
bus of the DAB converter module.

For 2-level full bridge DAB topology shown in figure 2, the symmetrical zero
voltage phase shift anglea; = a; 1 = a; , is applied for HV side DAB converter. For
NPC 3-level HV side DAB circuit topology shown in figure 1, the difference of phase
angle a; ; and a; , can be utilized for NPC capacitor voltage balancing control. The
drawback of this solution is that the transformer winding current can become
asymmetrical which causes DC current saturation issue for high frequency transformer
operation.

Figure 12 shows the modular 2-level full bridge DAB circuit configuration for SST
application. The HV side DC bus of DAB modules are isolated. The LV side DAB DC
outputs of all individual DAB modules are connected to a common DC bus. The modular
DAB topology is preferred in SST application because it is easier to share the load/power
evenly among DAB modules.

Figure 13 shows the modular HV side 3-level haf bridge DAB circuit
configuration for SST application. Similar to the 2-level full bridge modular DAB
configuration, the HV side DC buses of 3-level NPC modular DAB modules are isolated.
The LV side DAB output is connected to a common DC bus. This modular HV side 3-
level NPC half bridge DAB circuit configuration is very attractive for SST application
because of its reduced number of HF transformer and power switches for the same level of
total HV DC bus voltage. The control challenge of this HV side NPC 3-level modular
DAB circuit topology is that the HV side NPC capacitor voltage balancing issue needs to
be addressed properly in the active frontend cascaded H-bridge NPC 3-level AC-DC
converter.

One important DAB control performance requirement is fast dynamic response to
load/power changes. The DAB single voltage loop control algorithm has been well-
developed. However, one often cited disadvantage of the single voltage loop DAB control
is its slow dynamic response. The dual-loop DAB controller with the voltage outer loop
and the averaged output current inner loop is a preferred control strategy for SST
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converter system because of its advantages in robustness to DAB circuit parameter
variation and fast dynamic response.

Presently, there is no known method on how to linearize the inner averaged current
loop for dual-loop controller when multiple phase shift angles are applied. It is difficult to
stabilize the DAB inner averaged current loop for each individual DAB modules with a
conventional Pl controller by try-and-error tuning method in practical SST converter
application which operates at wide load/power and voltage variation range.

The linearized DAB feedback control can be applied for SST application of both 2-
level full bridge modular DAB circuit configuration shown in figure 12 and HV side NPC
3-level half bridge modular DAB circuit configuration shown in figure 13.

Returning back to figure 1, the schematic illustrates one preferred implementation
of the modular SST circuit topology for LV side grid tied application. The HV side three
modules of 3-level NPC cascaded H-bridge converter 110 of SST system are connected to
single phase HV AC voltage sources. The LV side three phase inverter 130 is connected to
the LV AC grid with voltage. The LV side 2-level DAB AC-DC converter 131 is
connected to the common LV DC bus 140 of the SST system. This circuit configuration
supports bi-directional power flow between HV and LV AC grid sources. The HV side
NPC leg of DAB DC-AC converter is connected to the HV side DC bus 150 of 3-level
NPC cascaded H-bridge converter.

In SST system, the control objective of HV side cascaded H-bridge converter 110
is to regulate the HV DC bus voltage around its target value. The HV side cascaded H-
bridge converter is controlled with outer total voltage loop and reactive power control loop
which generates DQ current reference respectively. Inner current control can be
implemented in the fictive DQ frame using the fictive-axis beta current component
estimation method. Second Order Generalized Integrator (SOGI) Phase Locked Loop
(PLL) is applied to generate the phase angle for the HV side single phase grid voltage for
DQ convention. The NPC capacitor voltage balancing is implemented in the HV side NPC
3-level cascaded H-bridge control for simplicity.

The control objective of LV side DC-AC inverter 130 is to regulate the active and
reactive power flow of SST system. The LV side three phase inverter is controlled with
outer active and reactive power control loop to generate the DQ current reference
respectively. The inner current control is implemented in DQ frame as conventional three
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phase inverter system. The conventional PLL based on LV side three phase grid voltage is
applied for LV side three phase inverter DQ conversion.

The control objective of modular DAB DC-DC converter is to regulate the LV DC
bus voltage around its target value with fast dynamic response. The DAB control method
proposed in this embodiment is applicable for the modular SST DAB DC-DC converter
control.

According to one embodiment of the second embodiment, there is provided a
method of controlling a DAB converter in the following manner. The method comprises
performing linearization of a current by: i) passing a low voltage output current through a
low passfilter and using the filtered output current as afeedback signal; and ii) obtaining a
difference between an input current and the feedback signal and passing a signal
representing the difference through a proportional-integral (PI) controller and a non-linear
compensation block. The method then performs linearization of a voltage by using a
sguare of alow voltage output voltage as afeedback signal to the reference voltage.

Figure 14 shows the DAB converter model 1510 for multiple phase shift
modulation control derived from the physical working principal. The DC-DC converter
generates the voltage difference of primary side and secondary side converter, which is
applied in the external inductor and resistor circuit connected to the primary side of the HF
transformer. The primary current of HF transformer is generated in the inductance and
resistance network (L*s+R), where L= L_ext+ L leakage is the sum of external
inductance (L_ext) and primary leakage inductance (L_leakage) of the HF transformer, R=
R_inductor + R_TRO is the sum of external inductor resistance (R_inductor) and the
equivaent transformer winding resistance of HF transformer (R_TRO). Assuming the
transformer magnetization current and core loss resistance are both small enough, the
transformer secondary side current is decided by the turn’s ratio of the transformer and the
transformer primary side current. The secondary side current is rectified to get the LV side
DAB output current.

Based on the DAB converter circuit model shown in figure 14, the transfer
function from phase shift angle to the total power output of the DAB converter can be
presented by equation (14), where AV is the voltage applied on the inductor and resistor
network of primary winding of the transformer which is the non-linear function of
multiple phase shift anglesa, 1, a4 ,, a,, f of DAB converter and the HV side DC bus

voltage Vp¢,,and LV side DC bus voltage Vp,, , nlandn2 are number of turns of
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transformer primary winding and secondary winding, and V_sec is transformer secondary

winding voltage.

POutLv( .8)
B

1 nl V_sec

*—— k% VDCLV (14)

Ls+R n2 |V_sec|

= AV(VDCHV’ Ve @11, @1 2, A2, ﬁ) *

We consolidate the non-linear gain item of equation (14) together and represent it as
eguation (15).

Pout;,(B) _ R/L
+ = Pout,,, (mag) * S+R/L (19

Based on the fundamental frequency component analysis of voltage and current
waveform DAB converter circuit, DAB output power magnitude is represented by
equation (16) as the functions of phase shift angles and HV side and LV side DC link
voltages, where w, = 2 x  * f, with f, as the fundamental operation frequency of the

high frequency transformer.

o(5)

T2xwo*L

Pyyt,, (mag) = * Vpcyy * Vbey, * €OS (%) * COS (%) * sin(f) (16)

Replacing the magnitude of output power with the value of equation (16) into
equation (15), the DAB converter transfer function with phase shift angle g as its input

a1 1+a; 2

and the averaged power P, asits output is derived as equation (17), where — =

utry
1

“7 isthe equivalent internal phase shift angle of HV side of the DAB converter.

ni
Poutyy _ 8*(5)
B T2*wq*L

R/L
S+R/L

* Vpcyy * Ve, * €OS (%) * COS (%) * sin(B) * (17)

The dynamic model of the averaged output current of DAB converter is thus

derived as equation (18) by removing the LV side DC link voltage item.

n1
lov _ 8*(5)
B T2*xwq*L

R/L
S+R/L

* Vpcyy * COS (%) * COS (%) * sin(f) * (18)
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Figure 15 shows the non-linear DAB plant model presented in equation (17) and
equation (18) with phase shift angle g as its input and LV side averaged current and LV
side averaged power asits output respectively.

The proposed linearized DAB averaged current control scheme is shown in figure
16. The LV side output current is filtered through a low pass filter 1710 and used as the
feedback signal for DAB inner current control loop. In additiona to the traditional Pl
(proportional-integral) current controller, a non-linear compensation block 1720 is added
to reverse the non-linear DAB current loop gain variation due to change of multiple phase
shift angles.

The non-linear compensation function shown in non-linear compensation block

1720 infigure 16 is given in equation (19).

é = - (19)

a1 1ta1 2 az
Vbcyy *COS(T)*COS(T)

where Vp,,. ., refers to capacitor voltage at the HV side of each DAB module,
a1 1, Q4 3, @, are phase shift angles from the DAB plant, S refers to the input of the DAB
plant and x refersto the output of the PI.

For small signal analysis with approximation of sin(g) = g, the DAB current
control loop can be ssimplified as linear control system as shown in figure 17, where
1/(ays? + a;s + 1) is illustrated with a 2nd order low pass filter which replaces the
general low pass filter shown in figure 16 as a simplified implementation. Essentialy, the
non-linear compensation block 1720 effectively linearizes the non-linear DAB plant
model.

The open loop transfer function of DAB current control system shown in figure 17

is represented as equation (20).
, , (L
lo',LV,FB — (Kp*s-l'kl) . i (TLZ) " R/L % ( 1 ) (20)
io err s m2xwo*L  S+R/L a;s?+a;s+1

For the DAB control implementation shown in figure 17, the closed loop transfer

function of DAB inner current loop is given in equation (21).
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ni
N )
(Kp*s+ki)= TriogrL *(R/L)

- o (21)

i Sz
O-LVREE  u(s+R/L)*(azs?+ass+1)+(Kp+s+ki)+ (i) *(R/L)

lo LV

m2xwo*L

From equation (20) and equation (21), it is obvious that DAB inner current control
loop has been linearized and linear control theory is readily applied to ensure DAB current
loop bandwidth and stability margins.

Figure 18 shows the proposed linearized current control strategy for the 2-level full
bridge DAB circuit as shown in figure 2 with multiple phase shift angles applied to
achieve Zero Voltage Switching (ZVS) in wide operation condition range.

Figure 19 shows the linearized current control scheme for the HV side NPC 3-level
half bridge type DAB shown in figure 1 with multiple phase shift angles applied without
NPC leg capacitor voltage balancing control in DAB controller. The DC link voltage
Vbcy,, @plied in the HF transformer primary winding is the averaged voltage of two HV
side capacitors 122. It is possible to utilize the voltage difference of HV side NPC leg
capacitors to control the angle difference between a; , and a4 ; to achieve NPC leg
capacitor voltage balancing control of DAB with a proportional controller. However, in
practice, it is preferred to control the NPC capacitor voltage balancing from the HV side
front end controller cascaded H-bridge NPC converter to avoid DC current component to
be generated in the HF transformer windings.

Figure 20 shows the proposed linearized dual voltage-current loop DAB control
scheme for single DAB converter. The outer loop 2010 is designed as feedback control of
square of LV side DC link voltage. The physical meaning of the voltage loop control
output is the averaged output power of DAB converter. The voltage control loop dynamic
is improved with feedforward control of load power added in the PI control output. The
averaged output current reference is obtained by dividing the voltage control output by the
LV side DC link voltage. In the inner current loop 2020, the inter-leg phase shift angles
and HV side DC link voltage are used for non-linear gain compensation of the averaged
current loop to achieve the linearized control of the inner current loop.

Figure 21 illustrates the linearized DAB outer voltage loop for small signdl
anaysis for single DAB converter. The closed loop transfer function of DAB inner current
loop is derived from the small signal model of figure 17 based on 2nd order LPF

implementation.

26



10

15

20

25

30

For single module DAB voltage control loop shown in figure 21, the open loop
transfer function of linearized voltage control loop with square of LV side DC voltage as
output signal and the error of square of LV side DC voltage error as its input signal is
derived as equation (22).

2 (Kp*s+ki)= 8*(2_;) *(E)
Voery __ Kpy*s+kiy « p m2xwg*L \L . 2 (22)
2 - ni
V-ERRbCLy y s*(s+5)*(a s2+a,5+1)+(Kp*s+ki)* (2) *(R/L) ctves
L 2 1 P n2xwo+L

Figure 22 shows the linearized modular DAB dual voltage and current control
scheme. The linearized voltage outer loop controller structure is same for both 2-level full
bridge DAB circuit configuration and HV side NPC 3-level half bridge circuit
configuration. In the outer voltage loop 2210, the load power feedforward control is added
to the voltage proportional-integral (Pl) controller output signal to improve the dynamic
performance of modular DAB voltage control. The voltage control output is divided by the
LV side DC link voltage to get the total LV side current references of all DAB modules.
Thetotal current is distributed among the DAB modules to achieve optimized operation of
each individual DABs. For 2-level full bridge DAB circuit configuration shown in figure
12, the inner current control loop is implemented as the control scheme shown in figure
18. For the HV side NPC 3-level half bridge DAB circuit configuration shown in figure
13, theinner control loop is implemented as the control scheme shown in figure 19. The
LV side individual DAB output current is summed up in the common LV side DC bus
circuit. The total DAB output power is obtained by multiplication of the LV side DC bus
voltage and the total DAB output current. The LV side DC link capacitor dynamic is
included in model of the outer voltage loop.

Figure 23 shows the small signal model for the modular DAB voltage outer loop
with the assumption that total current is evenly distributed among DAB modules and
uniformed dynamic inner current loop response is achieved for al modular DABSs.
Comparing figure 23 with figure 21, it is obvious that the same voltage loop transfer
function model for single module DAB voltage outer loop control can be applied for
multiple module DAB voltage outer loop controller design and analysis.

The method accordingly to the second embodiment relates to controlling the SST

by linearizing a current and voltage in each DAB module. The step of linearizing the
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current and voltage in each DAB module comprises applying a non-linear compensation
function as expressed in equation (19) between a proportional-integral (Pl) controller and
a DAB plant. The step further comprises passing a low voltage output current through a
low pass filter and using the filtered output current as a feedback signal; obtaining a
difference between an input current and the feedback signal and passing a signal
representing the difference through a proportional-integral (Pl) controller and the non-
linear compensation function; and performing linearization of a voltage by using a square
of alow voltage output voltage as a feedback signal to the reference voltage.

Third embodiment

Figure 25 shows the overview of the third embodiment comprising the DAB
current distribution with a dual current and voltage loop voltage balancing control of the
first embodiment 2510 and the modular DAB linearized dual voltage and current loop
control of the second embodiment 2520. The objective of the voltage balancing control is
to generate the DAB module current adjustment signals to minimize HV side DC bus
voltage unbalance caused by HV side CHB circuit parameter variation, DAB circuit
parameter variation, and HF transformer parameter variations. The maor advantage of
DAB module current distribution based HV bus voltage balancing control is its fast
dynamic response which comes from the uniformed inner DAB current loop fast dynamic
response for multiple phase shift angle setting changes in full operation range of DAB.
Although the first and second embodiments can be individually implemented, it would be
advantageous to combine both first and second embodiments to achieve better results.

For the SST circuit topology shown in Figure 1 and the DAB voltage and current
control scheme shown in figure 24, the DAB current direction and power direction
definition applied for the HV DC bus voltage balancing control design is that positive
DAB current flows from the LV side DAB AC-DC converter towards the LV side
capacitor and positive power of DAB DC-DC converter flows from HV DC busto LV DC
bus.

SST _modular DAB control _performance validation with PLECS RT-BOX

Real time emulation

To validate the performance of DAB module current distribution based voltage
balancing control system, PLECS real time emulation is carried out for the SST converter
system for the NPC CHB and HV side half bridge NPC DAB circuit SST configuration

with three modules shown in Figure 1. Further, to validate the linearized modular DAB
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controller performance, PLECS rea time emulation is carried out for the SST converter
system for LV side grid tied application with 3 modules of HV NPC 3-level half bridge
side DAB shown in figure 1.
The PLECS RT time emulation is a more realistic method to evaluate the SST steady state
and dynamic transient performance with all the numerical issues related to the discretized
control algorithm, and the current/voltage sensor ADC sampling error, and FPGA based
PWM timing resolution for DAB phase shift modulation included. It is arealistic method
to validate the DAB control performance for the modular SST converter control system in
real time before physical SST converter to be built and tested. PLECS RT box
computation time for each DAB module circuit is around 3us. This limits the maximum
achievable DAB PWM switching frequency. However, the conclusion obtained in the
PLECS red time emulation can be projected to the PLECS off-line circuit simulation for
higher DAB switching frequency at the same current and power level by reducing the
DAB externa inductance value inversely proportional to DAB switching frequency.
Figure 26 shows the DAB circuit model implemented in the PLECS RT boxes for
the SST real time emulation. The LV side DAB output current passes through adigital low
pass filter (LPF) and outputs from PLECS RT box analog channel to be applied for
modular DAB current feedback control. In physical SST system, this LPF can be either an
analog circuit low pass filter or digital LPF implemented in FPGA with fast sampling rate.
Table 1 below shows the circuit settings and parameters used in the PLECS real
time circuit emulation. In the voltage balancing control algorithm emulation validation, +/-
15% top/bottom capacitance variation and +/-15% CHB module level capacitor variation,
and +/-20% DAB module externa inductance variation are applied in the emulation
PLECS real time emulation setup for al the emulation cases presented below. Thisis the

worst parameter variation condition for the SST voltage balancing algorithm.
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Table 1: Circuit settings and parameters used for three module SST PLECS circuit emulation

Circuit settings and parameters value unit
HV side AC voltage source voltage (rms) 2280 v
LV side three phase AC voltage source phase voltage (rms) 240 Vv
PWM switching frequency of HV side cascaded NPC H-bridge converter 2.5 kHz
PWM switching frequency of LV side DC-ACinverter 20 kHz
HF transformer operation frequency 10 kHz
Rated power of each HV side AC-DC converter 6000 W
Rated power of HF transformer 6000 W
Rated power of LV side DC-ACinverter 18000 W
HV side DC bus voltage 1458 Vv
LV side DCbus voltage 750 Vv
HV side NPC converter top and bottom capacitance 500 uf
LV side DC bus capactance 500 uF
HV side single phase grid filter inductance 120 mH
Lv side three phase grid filter inductance 2000 uH
HV side charging resistor 720 ohm
External inductance connected to HF transformer primary winding 0.68 mH
HF transformer primary leakage inductance 1.2765 uH
HF transformer secondary leakage inductance 0.339% uH
HF transformer magnetization inductance 25.26 mH
HF transformer magetization resistance 88.786 kohm
HF tranformer turns ratio 1
HF transformer primary resistance 0.039 ohm
HF transformer Secondary resistance 0.0437 ohm

Tablel

Figure 26a and figure 26b show the emulation results of voltage balancing control
performance at zero power condition of CHB voltage balancing control without enforced
reactive power flow compared with the performance of DAB voltage balancing control.
DAB voltage balancing control is activated when the voltage balancing mode signal in
plot 2710 equals to 1. CHB voltage balancing algorithm is activated when the balancing
mode signal in plot 2720 equals to 1. This emulation results show that DAB voltage
balancing control achieves a good voltage balancing performance with less than +/-15V
module level HV bus voltage difference at zero power condition without requiring reactive
power flow in CHB converter. The module level voltage unbalancing of CHB voltage
balancing agorithm is around +/-100V when there is no reactive power flow in CHB.

The emulation results of figure 26a and figure 26b validates that the DAB voltage
balancing control has fast dynamic response to the HV side DC voltage unbalance
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condition in the zero power condition. When the DAB voltage balancing control is
activated, a noticeable module level DAB current difference is observed at very beginning
of voltage balancing control when the voltage unbalance is very large. The voltage
unbalance error is quickly reduced below +/-15V. However, when the balancing control
mode is switched back to CHB voltage balancing control, the CHB module balancing
compensation signal is slowly increased to closer to its limiting = PWM modulation signal
value around 0.2 with the increasing HV side DC bus voltage unbalance around +/-100V.

Figure 27a and figure 27b show the PLECS RT emulation results of SST operates
at +500W light power regulation condition when switching from CHB voltage balancing
control to DAB voltage balancing control. In this light power/load condition, the CHB
voltage balancing control achieves +/-50V module level voltage unbalance. Its
performance is improved compared with +/-100V voltage unbalance at zero power
condition shown in figure 26a and figure 26b. However, CHB voltage balancing control
performance is not as good as the +/-15V module level voltage balance performance
achieved by the DAB voltage balancing control.

The emulation results of figures 26a, 26b, 27a and 27b validated that DAB voltage
balancing control has better performance in the zero power and light load condition
without requiring HV side grid converter reactive current flows, which justifies to apply
DAB current distribution based voltage balancing control by removing the minimum
enforced CHB reactive power/current for SST normal power regulation as shown in flow
charts of figures 6 and 9.

Figures 28a and 28b show the emulation results when SST switching from the
CHB voltage balancing control with enforced 1kVA CHB circuit reactive power to the
DAB voltage balancing control at zero power condition. The CHB voltage baancing
control performance is greatly improved and achieves maximum +/-25V module level
voltage balance. Although there is increased CHB reactive current in zero power
condition, the performance of the CHB voltage balancing control is still slightly worse
than the performance of DAB voltage balancing control.

The emulation results of figures 28a and 28b justify that in the SST start-up
process, it is required to enforce a minimum CHB reactive power/current for the CHB

voltage balancing control to meet its performance requirement.
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Figures 29a and 29b show DAB current distribution voltage unbalance control
performance with CHB and DAB control signals in power ramping process from -18kW
to +18KW.

This emulation result of figures 29a and 29b show that DAB voltage balancing
control can consistently achieve less than +/-20V voltage module level HV bus voltage
balancing error in the dynamic power ramping process for both positive and negative SST
power flow directions. The CHB and DAB parameter circuit variation shows up in the
difference of DAB phase shift angle control output signals.

Figures 30a and 30b show DAB current distribution voltage unbalance control
performance with CHB and DAB control signals in power step process from -18kW to
+18KW.

This emulation result of figures 30a and 30b show that DAB voltage balancing
control can achieve less than +/-60V voltage module level HV bus voltage balancing error
in the dynamic power stepping transition process. The archived NPC top/bottom voltage
unbalance error is round 20V in this dynamic power stepping transition process. There is
amost no noticeable DAB module current difference in the entire power ramp stepping up
process. The CHB and DAB parameter variation shows up in the difference of modular
DAB phase shift angle control output signals.

The emulation results of figures 29a, 29b, 30a and 30b, validate that DAB voltage
balancing control has good performance for bi-directional power regulation with dynamic
power stepping and ramping transition.

Figures 31a, 31b, 323, 32b, 33a and 33b show the modular DAB converter control
performance in SST emulation system in the steady state operation. In these emulation
results, the detailed DAB circuit voltage/current signal waveforms are given to
demonstrate that the DAB circuit model and PLECS real time FPGA based PWM
modulator are working correctly at different phase shift angles in the real time emulation.
This is the foundation to use PLECS real time circuit emulation to validate the
performance of DC-DC converter control for SST system.

Figures 31a and 31b show the PLECS real time emulation results of steady state
performance of SST converter system with each DAB module operates at light load
condition around +1KW. The emulation result shows that HV side DAB converter output
voltage (Vp) leads LV side DAB voltage output (Vs) in phase angle around 5 degree. The
internal phase shift angle of the LV side DAB AC-DC converter is 9 degree. The DAB LV
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side AC-DC converter switches operate at ZV'S condition with continuous current flow
through the corresponding freewheeling diodes in the switch-on instant.

Figures 32a and 32b show the PLECS real time emulation results of steady state
performance of SST system power flow regulation from HV to LV grid source with DAB
module operates around -6KW. Both HV side and LV side DC bus voltages are regulated
at its target value. The circuit emulation results show that HV side DAB converter output
voltage (Vp) leads HV side DAB voltage output (Vs) in phase shift angle around +32
degree. The HF transformer primary winding current (Ip) and secondary winding current
(Is) are both symmetrica around zero current. The magnetization current (Im) is
symmetrical around zero. The averaged LV side output current (Idc) is pulsing with two
times of DAB switching frequency.

Figures 33a and 33b show the PLECS real time emulation results of steady state
performance of SST system with power flow regulation from LV to HV grid source with
DAB module operates around -6KW. Both HV side and LV side DC bus voltages are
regulated at its target value. The emulation result shows that HV side DAB converter
output voltage (Vp) lags LV side DAB voltage output (Vs) in phase angle around 40
degree. The turn-on delay added in both DAB HV converter and DAB LV converter
FPGA based PWM signal generation and unsymmetrical response of PLECS PWM
capture channel of PLECS RT box could be the root cause of unsymmetrical phase shift
angle between positive power flow operations of figures 32a and 32b.

Figures 34a and 34b show the PLECS real time emulation results of LV side DC
bus charging up process with the outer voltage loop disabled and inner current control
loop activated with constant charging up current. This emulation is conducted in the
condition with +/-20% DAB circuit externa inductance variation among the three DAB
modules. In the LV side DC bus charging up process, the HV side cascaded H-bridge
converter control regulated the HV side DC bus voltage and provides the charging energy
for LV side capacitor. The smooth LV side capacitor charging up energy control of
modular DAB helps to improve the dynamic transition of HV side cascaded H-bridge
controller and thus reduces the HV DC bus voltage variation. This allows a reduction in
the HV side capacitor value for SST system.

In the LV DC bus voltage charging up process shown in figures 34a and 34b, the
HV side DAB internal phase shift angle a; of NPC half bridge converter starts with a

very large value and is slowly reduced with increasing of LV side voltage. This helps to
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reduce the duty ratio of HV side DAB converter and limits the instantaneous in-rush DAB
current when the LV DC capacitor voltage is charged up from zero voltage. The phase
shift angles are different for DABs due to large external inductance variation. But the
charging up current of individual DAB modules follows the current reference with fast
dynamic step response. The modular DAB control is stable in the large variation range of
a, vauein the entire LV DC bus charging up process. This emulation result validates that
the proposed linearized DAB current control scheme is not sensitive to the HV side phase
shift angle a; variation and DAB external inductance parameter variation.

Figure 35a and 35b show the PLECS rea time emulation results with modular
DAB control for positive power ramp up from O to rated power +18kW with +/-20% DAB
external inductance value variation among the three DAB modules. In SST positive
power ramp up process, HV side converter operates as a cascaded H-bridge rectifier. It
regulates the HV side DC bus voltage and transfers the active power from HV side grid
and transfer the power to DC-DC converter. The DAB converter regulatesthe LV side DC
bus voltage and transfers the power to the LV side DC-AC inverter. The LV side three
phase DC-AC inverter works as grid tied inverter to regulate the active power rounds it
references settings. The fast dynamic response of modular DAB ensures the smooth
power transfer from HV side grid to LV side grid with minimized HV DC bus voltage
variation and LV DC bus voltage variation. This allows smaller HV side capacitor and LV
side capacitor to be applied for SST system.

In the emulation results shown in figures 35a and 35b, in the normal power
regulation process of DAB, a look-up table with current reference of individual DAB
module as input and the LV side DAB internal phase shift angle a, as output is
implemented for modular DAB current control in order to keep LV side DAB converter to
operate in the ZV Srange at light load condition. The emulation results show that the ramp
up current of SST system in DC-DC converter aswell asin HV side rectifier and LV side
inverter are all smooth. The HV side DC bus voltage and LV side DC bus voltage
variation are both very small. The large externa inductance variation among DAB
modules causes the phase shift angle difference between HV side DAB converter and LV
side DAB converter. However, the DAB module currents follow closely the reference with
stable control achieved irrespective to the larger LV side DAB converter internal phase
shift variation a, in power ramp up process and large external DAB circuit external

inductance variation. This SST system emulation results validated that proposed linearized
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dual voltage and current DAB control scheme is robust to internal phase shift angle
variation and the DAB circuit parameter variation.

Figures 36a and 36b show the PLECS rea time emulation results with modular
DAB control for negative power ramp up from O to rated power -18kW with +/-20% DAB
external inductance value variation among the three DAB modules. In the emulation
results shown in figures 36a and 36b, the converter interna phase shift angle a, in
negative power ramp up process is larger in the light power condition. In SST negative
power ramp up process, LV side converter works as three phase rectifier. It transfers
active power from LV side three phase grid to DC-DC converter. The DAB converter
regulates the LV side DC bus voltage and transfers the active power to the HV side NPC
cascade single phase DC-AC inverter. The HV side single phase NPC cascaded H-bridge
DC-AC converter regulates the HV DC bus voltage around its target value and it
effectively works as grid tied single phase inverter to transfer the active power to HV side
single phase grid. The fast dynamic response of modular DAB is crucia for the smooth
power transfer from LV side three phase AC grid to HV side single phase AC grid with
minimized HV DC bus voltage variation and LV DC bus voltage variation.

The SST system emulation results of figures 35a and 35b and figures 36a and 36b,
validated that proposed dual voltage and modular current DAB control scheme supports
bi-directiona power flow of the SST converter system without requires extra current
sensors mounted on both HV and LV side of DAB converter output. The SST system
emulation results of figures 35a and 35b and figures 36a and 36b also validated that the
proposed linearized dual voltage and modular current DAB control scheme is robust for
SST operation system with respect to large internal phase shift angle variation and the
DAB externa inductance variation.

Figures 37a and 37b show the PLECS rea time emulation results with modular
DAB control for positive power step up from O to rated power +18kW with +/-20% DAB
external inductance value variation among the three DAB modules. This emulation result
shows that fast transit response of modular DAB control, HV side rectifier control, and LV
side three phase inverter control are achieved in the power step up change condition with
respect to large DAB circuit inductance variation. The voltage transition in HV DC bus
and LV DC bus are limited below +/-100V in power step change condition without

requiring very large HV side and LV side DC bus capacitance values. This emulation
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result validates the proposed modular DAB control scheme has sufficient stability margins
with respect to worst case operation condition change of SST system.

Figures 38a and 38b show the PLECS rea time emulation results with modular
DAB control for negative power step down from O to rated power -18kW with +/-20%
DAB externa inductance value variation among the three DAB modules. This emulation
result shows that fast transit response of modular DAB control, HV side rectifier control,
and LV side three phase inverter control are achieved in the negative power step down
change condition with respect to large DAB circuit inductance variation. The voltage
transition in HV DC bus and LV DC bus are limited below +/-100V in power down step
change condition without requiring very large HV side and LV side DC bus capacitance
values.

With reference to the result of the modular DAB phase shift angle shown in figures
34b, 35b, 36b, 37b and 38b, the three lines correspond to the DAB phase shift angle of the
three cascaded bridge converters, which are ailmost equal to each other. Hence, three lines
overlap each other.

The emulation results of figures 37a and 37b and figures 38a and 38b validate that
the proposed modular DAB control scheme achieves robust performance for bi-direction
power step change with respect to worst case operation condition of SST system.

Conclusion drawn from modular DAB control PLECS real time emulation results
are asfollows.

Q) CHB voltage balancing scheme requires enforced minimum CHB reactive
power/current to achieve acceptable performance. It should be applied only in the SST
start-up process before DAB voltage balancing control is activated.

2 DAB current distribution voltage based HV DC link balancing control
performance is not sensitive to the CHB circuit parameter variation, DAB circuit
parameter variation, and HF transformer parameter variation. It is applicable for SST
normal power regulation.

3 DAB current distribution based HV DC link voltage balancing control does
not require reactive power flow in HV CHB converter at zero power or light load
conditions.

4) DAB current distribution based HV DC link voltage balancing control has
fast dynamic response to HV DC link voltage unbalance in SST normal power regulation.
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(5) DAB current distribution based HV DC link voltage balancing control has
better performance than CHB voltage balancing control in the entire power operation
range of SST.

(6) The proposed DAB current distribution based HV DC link voltage
balancing control can achieve the same voltage balancing performance for bi-direction
SST power flow.

@) DAB current distribution based HV DC link voltage balancing control
performance is not sensitive to the load/power ramping and stepping dynamic transition.

(8) PLECS circuit model for DAB converter circuit is accurate for rea time
circuit emulation. PLECS FPGA based phase shift PWM generation is accurate for
modular DAB control.

9 The proposed linearized DAB dual voltage and current control scheme is
simple and can be applied to improve the HV side and LV side DC bus voltage transit
performance of the SST converter system with fast dynamic response in power ramp
up/down operation and power step up/down transition for SST bi-direction power flow
regulation.

(10) The power direction change is decided by the power reference polarity of
LV side DC-AC three phase converter which is connected to LV side three phase grid
voltage source.

(11) The proposed DAB linearized dua voltage and current control scheme
achieves fast dynamic response of modular DAB control with respect to large DAB
external inductance variation and larger HV side DAB DC-AC converter internal phase
shift angle variation and larger LV side DAV AC-DC converter interna phase shift angle
variation.

Industrial application

The proposed DAB voltage balancing control can be applied to improve the
reliability of SST operation with reduced power device voltage rating by minimizing the
HV DC bus voltage unbalance. With improved voltage balancing control achieved by
DAB, the DC link capacitor size can also be reduced to achieve cost saving.

The proposed DAB voltage balancing control can be applied for modular DAB
with multiple HV side DC bus application for electrical vehicle charging or battery
charging application.
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The proposed SST voltage balancing control scheme can be applied for both NPC
CHB and HV side NPC half bridge DAB SST circuit topology and 2-level full bridge
CHB and 2-level full bridge DAB circuit topology.

The proposed SST voltage balancing control scheme with enforced reactive power
in CHB in SST start-up process can be applied in Statistical Atlases and Computational
Modelling (STACOM) application of CHB converter and other CHB converter circuit
application cases including the high voltage motor drive CHB circuit application.

The proposed DAB linearized dual voltage loop and current loop control schemeis
applicable for SST product deployment with reliable control and operation of SST
converter system.

The proposed DAB linearized dua voltage loop and current loop control scheme
can be used in other DAB DC-DC converter application for electrical vehicle battery
charging application, traction drive application, magnetically isolated DC power supply
application, etc.

The proposed DAB control scheme can also be applied for PV DC-DC converter
interface control to provide power to the HV AC grid or LV AC grid through a DC-AC
inverter.

The proposed DAB control scheme can be applied for both 2-level and 3-level DC-
DC converter control. The method can be generalized for higher order DC-DC DAB
converter control aswell.

While the invention has been illustrated and described in detail in the drawings and
foregoing description, such illustration and description are to be considered illustrative or
exemplary, and not restrictive; the invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those

skilled in the art in practising the claimed invention.
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CLAIMS:
1. A method of controlling a Solid State Transformer (SST), the method comprising:

dividing a dual active bridge (DAB) power reference by a Low Voltage (LV) side
Direct Current (DC) link voltage to obtain a total DAB reference current;

dividing the total DAB reference current by N number of DAB modules to obtain a
reference current for each DAB module;

in response to the SST being in a normal power regulation, determining a deviation of
a capacitor voltage at the HV side of each of a k DAB modules with reference from an
average voltage from the HV DC bus;

determining a current adjustment signal for each of the k DAB modules based on the
total DAB reference current and a corresponding deviation of the capacitor voltage of each of
the k DAB modules;

adding the current adjustment signal together with the reference current for each DAB
module to obtain a total current reference for each of the k DAB modules; and

subtracting a sum of the total current reference of each of the k DAB modules from
the total DAB reference current to determine a total current reference of an N DAB module,

wherein k=1, ..., N-1.

2. The method of controlling the SST according to claim 1 wherein the step of
determining the current adjustment signal for each of the k DAB modules based on the total
DAB reference current and the corresponding deviation of the capacitor voltage of each of
the k DAB modules comprises:

multiplying the deviation of the capacitor voltage at the HV side of each of the k DAB
modules, a load dependent voltage balancing proportional compensation gain, and a

magnitude of the reference current for each of the k DAB modules.

3. The method of controlling the SST according to claim 2 wherein the current
adjustment signal is saturated before adding together with the reference current for each DAB

module to obtain the total current reference for each of the k DAB modules.

4. The method of controlling the SST according to claim 2 further comprising:
in response to the total current reference of the N"DAB module being positive,
increasing the magnitude of the reference current for a DAB module with higher deviation of

the capacitor voltage.
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5. The method of controlling the SST according to claim 2 further comprising:
in response to the total current reference of the N"DAB module being negative,
reducing the magnitude of the reference current for a DAB module with higher deviation of

the capacitor voltage.

6. The method of controlling the SST according to claim 2 further comprising:
in response to the total current reference of the N"DAB module being positive,
reducing the magnitude of the reference current for a DAB module with lower deviation of

the capacitor voltage.

7. The method of controlling the SST according to claim 2 further comprising;:
in response to the total current reference of the N" DAB module being negative,
increasing the magnitude of the reference current for a DAB module with lower deviation of

the capacitor voltage.

8. The method of controlling the SST according to claim 1 further comprising;:
in response to the SST being in a normal power regulation, applying the reference

current of each DAB module as the total current reference for each DAB module.

0. The method of controlling the SST according to claim 8 further comprising:
in response to the SST being in the normal power regulation, enforcing minimum HV

side reactive power.

10. The method of controlling the SST according to claim 1 further comprising:

linearizing a current and a voltage in each DAB module.

11. The method of controlling the SST according to claim 10 wherein the step of
linearizing the current and the voltage in each DAB module comprises:
applying a non-linear compensation function between a proportional-integral (PI)

controller and a DAB plant, the non-linear compensation function being

B 1
- -
X Ve * COS (auTal-z) * COS (%)
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where V¢, refers to capacitor voltage at the HV side of each DAB module, a, 4, @, 5,
a, are phase shift angles from the DAB plant, B refers to the input of the DAB plant and y

refers to the output of the PL.

12. The method of controlling the SST according to claim 11 wherein the step of
linearizing the current and the voltage in each DAB module further comprises:

passing a low voltage output current through a low pass filter and using the filtered
output current as a feedback signal;

obtaining a difference between an input current and the feedback signal and passing a
signal representing the difference through a proportional-integral (PI) controller and the non-
linear compensation function; and

performing linearization of a voltage by using a square of a low voltage output

voltage as a feedback signal to the reference voltage.
13. The method of controlling the SST according to claim 2 wherein the voltage

balancing proportional compensation gain is a positive value and/or obtained from a look-up

table.

41



