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Abstract. In order to cope with harsh environment and vibration, oil field energy
storage requires high reliability and maintainability, high consistency in the use of
power devices, and redundancy in battery charging and discharging. In this paper,
an energy storage power supply is designed. The front and rear parts use the same
three-phase bridge circuit, the front part is rectifier/inverter circuit, and the rear
part is buck/boost circuit for charging and discharging. The grid side parameters
are designed, The rear part uses three-phase parallel to improve redundancy, and
uses the interleaved parallel method to meet the grid side parameters used in the
battery side charge and discharge circuit, so that the front and rear parts can be
interchanged and universal, easy tomaintain, and reduce the volume of inductance
and capacitance. The problem of current sharing is solved and the control loop is
designed. Through simulation and field application, good results are obtained.
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1 Introduction

The problem: the drilling crew of Oilfield works and lives in the field all the year round,
and each drilling crew has several containers to form a working and living place. Living
and office power is provided by a 68 kW diesel generator. When the generator is under
light load, the efficiency is low and the noise is high, so it is not suitable to operate
continuously for 24 h. A quiet and efficient power supply is required.

Solution: an energy storagepower supplywith power battery and automatic switching
of charge and discharge can provide a quiet and efficient power supply for the living and
office power of the field drilling crew. The energy storage power supply is composed of
a set of power lithium batteries with a total of 25 kWh, a power module and a bypass
module. Power battery provides storage of electric energy; The power module completes
the functions of rectification, inversion, charge and discharge; The bypass module is the
power switch interface, including electricity detector, change-over switch, bypass switch,
main circuit break, capacitor bank and operation screen.

The energy storage power supply is designed as the front part and the rear part. The
front part is AC/DC and the rear part is DC/DC; For simplifying the design, the front
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part and rear part are designed as a mirror structure, that is, a three-phase bridge circuit
structure composed of the same devices is used. The front part is three-phase AC/DC,
which makes rational use of three-phase bridge circuit; The rear part is a DC/DC circuit,
which can make three phases in parallel to form a phase. The charging circuit is a buck
circuit composed of the antiparallel diode of the upper IGBT(Insulated Gate Bipolar
Transistor) and the lower IGBT. The discharging circuit is boost circuit composed of
the antiparallel diodes of the lower IGBT and the upper IGBT. The rear part uses 1/3
phase-shifting PWM interleaving parallel, which can save inductance and greatly reduce
volume and cost.

With the concept of carbon neutralization gaining popularity, energy storage tech-
nology has been widely concerned and applied [1, 2]. In this paper, the oil field energy
storage power supply is designed, and the energy storage technology is applied to the
oil field power supply. The interleaved parallel technology is used in the energy storage
power supply of oil field, the volume of the energy storage power supply in the oil field
is greatly increased and the applicability is increased. This paper describes the design
process of interleaving parallel technology and realizes multiphase interleaved paral-
lel connection; And the current sharing technology in interleaving parallel is designed.
Literature [4–6] introduces bi-directional converters applied in different fields in inter-
leaved parallel and literature [9–15] mentions a new interleaved parallel, but it cannot
be well used in the symmetrical circuit of oil field energy storage. The current sharing
method described in literature [7, 8] needs communication and is closed-loop, so it is dif-
ficult to correct parameters. The direct modulation ratio average current sharing method
designed in this paper is simple and reliable, especially suitable for interleaving parallel
current sharing. The energy storage power supply described in literature [3] does not
use staggered parallel connection and has a large volume.

In this paper, the three-phase interleaved parallel technology is used to realize the
bidirectional conversion of energy storage in the symmetrical circuit of energy storage
bidirectional converter, so that the circuit structure of network side and charging side is
consistent and interchangeable (Fig. 1).

Two kinds of CPUs are widely used in energy storage converter. One is DSP2000
series of TI company and the other is STM32 series of ST company. A timer is used
for each phase of PWM generation in DSP. For interleaved parallel connection, it is
only necessary to add 1/3 cycle to the counter corresponding to each phase timer during
initialization. However, STM32 uses an advanced timer to control a three-phase bridge.
There is only one timer, so it is impossible to use carrier phase-shifting interleaving in
parallel. This must be achieved using three timers, each of which controls a bridge arm.

Fig. 1. Schematic diagram of energy storage power supply for oil field
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2 Working Principle

The energy storage power supply can be charged and discharged automatically. After
startup, it operates automatically without manual intervention.

When the diesel generator is turned on, the system detects an incoming power of
electricity and enters into charging;

When the diesel generator is switched off, the system detects that there is no power
of electricity and enters into discharge;

When charging, the diesel generator is turned off, the system detects that there is no
power, turns off, and then discharges will start up;

When discharging, the diesel generator is turned on, the system detects an incoming
power, turns off, and then charges will start up;

The power module is composed of front part and rear part. The front part is AC/DC,
which is composed of an IPM, three-phase inductance and three-phase AC filter capaci-
tor. The rear part is DC/DC, which is also composed of an IPM, three-phase inductance
and three-phase DC filter capacitor. In the middle is a DC bus with large capacity DC
support capacitor.

During charging, the electric energy goes from the generator to the power battery.
When the change-over switch is closed, the power of the generator enters the power
module. The front part is an AC/DC rectifier. The latter part is a DC/DC buck charger,
which charges the power battery according to the set current; At the same time, the
generator is supplied to the load through the bypass switch of the bypass module.

When discharging, the electric energy flows from the power battery to the load. The
change-over switch is open. The latter part is a DC/DC booster; The front part works in
the inverter state which invert three-phase AC supply load.

The interleaved parallel structure plays a key role in the system when it is used in the
later part circuit. It makes it possible for the front and rear parts to use the same circuit
structure.

3 Main Circuit Structure

3.1 Main Circuit

Themain circuit includes front part bidirectional AC/DC, rear part bidirectional DC/DC.
The main circuit structure is shown in Fig. 2. The front part is bidirectional AC/DC,

which is composed of a three-phase inverter circuit composed of IPM, a three-phase LC
filter circuit and a main circuit breaker. In charging mode, ABC connects the generator
through change-over switch, and the electric energy is from left to right. The front part
is a rectifier circuit, which rectifies the AC into 540 V DC to the intermediate DC bus; In
discharging mode, ABC is connected to the AC user load through change-over switch,
and the electric energy is from left to right. The front part is an inverter circuit, which
reverses the intermediate DC voltage into three-phase 380 V AC for the user. The rear
part is bidirectional DC/DC, with the same structure as the front part. The rear part is a
buck circuit, which reduces the electric power of the intermediate DC bus to the battery
voltage for charging. In discharging mode, the electric energy is from right to left. The
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Fig. 2. Main circuit of energy storage power supply
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Fig. 3. Interleaved parallel carrier phase shifting

rear part is a boost circuit, which raises and the battery power to 600 V for the front part
inverter.

The interleaved parallel circuit is in the later part of the main circuit. The later part
IPM is a three-phase bridge circuit. Each phase (bridge arm) is an independent buck/boost
circuit. When the software sends PWM to each phase, the interleaved parallel is realized
by carrier phase shifting. As shown in Fig. 3.

Interleaved parallel structure: the three-phase bridge of rear part is connected to the
LC filter circuit which is composed of L2 and C2, and then the output of the filter circuit
is connected to a point in front of K2, which is the circuit structure to realize parallel
connection. In software control mode, the software sends the same PWM to three-phase
bridge, and the three phases are connected in parallel to form one phase. In each carrier,
the PWM is shifted 1/3 carrier period, and then the interleaved parallel is realized. The
Fig. 3 is the Interleaving parallel waveformwhen the duty cycle is 50%. Thewaveform of
phase B lags behind that of phase A by 1/3 carrier period, i.e. 1/3 switching cycles; Phase
C lags behind phase B by 1/3 switching cycle. The upper part of Fig. 3 is the triangular
wave for PWM wave generation. The software sets the output of PWM module to the
triangular wave waveform with lag of 1/3 per phase as shown in the Fig. 3. The output
can generate the Interleaved PWM waveform as shown in Fig. 3 to drive the IGBT.

The controller is composed of CPU and peripheral functional circuits. As shown in
the Fig. 4, the CPU is stm32f407, and the periphery is sampling circuit, IO circuit, PWM
driving circuit and communication circuit. The sampling circuit samples the generator
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Fig. 4. Schematic diagram of controller

Fig. 5. LC filter circuit

terminal voltage, input AC current, DC voltage, inverter output AC voltage, output AC
current and temperature; The IO circuit drives all switches of the system; The PWM
driving circuit amplifies the PWM signal to drive the IGBT of the main circuit inverter;
Communication circuit connects the operation screen, i.e. HMI module.

3.2 Main Circuit Design and Calculation

1. DC voltage value design
For the rear part circuit, in charging mode, the rear part regulates, the front part does
not regulate, and the three-phase bridge is directly used as the uncontrollable rectifier
circuit. Considering the fluctuation range of AC input, the DC voltage value is 380ac
± 10% × 1.414 = 537 ± 10% = 483.3 ~ 590.7 V. In discharging mode, the system
outputs as inverter, DC voltage required: >380 + 10% = 590.7 V. To sum up, the
DC voltage is set at 600 V.

2. Switching frequency
Switching frequency is related to heat dissipation and system volume and IGBT
working frequency. The switching frequency of IGBT is less than 20 kHz. In order
to save the volume of radiator, the switching frequency of energy storage power
supply is set as 10 kHz.

3. Filter LC calculation
The output inductor and AC capacitor form an output filter, whose main purpose is
to filter out the frequency near the switching frequency. As shown in Fig. 5.

The transfer function G(s) of LC filter is:

G(s) = Vo(s)

Vi(s)
=

1
LC

s2 + 1
RC s + 1

LC

= ω2
n

s2 + 2ζωnS + ω2
n

(1)

where, ωn = 1
2π

√
LC

is the corner frequency of the transfer function. It is related to the
parameters of inductance (L) and capacitance(C). In order to filter out harmonics near
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the switching frequency, the corner frequency shall be less than 1/5 of the switching
frequency fs, i.e.:

1

2π
√
LC

≤ 1

5
fs (2)

In addition, the maximum pulsating current on L(�ILmax):

�ILmax = Vs − Vo√
3

1

2Lfs
(3)

Vo is the output DC voltage, Vs is the power supply voltage.
Generally, the maximum pulsating current on L shall less than 20% of the peak

current IN , that is:

Udc − Es√
3

1

2Lfs
≤ 20%

√
2IN (4)

The value of L can be calculated from Eq. (5):

L ≥ Udc − Es√
3

1

2fs

1

20%
√
2IN

(5)

DC voltage: Udc = 610 V, AC voltage: Es = 380 * 1.414, switching frequency: fs =
10000 Hz, Rated current: IN = 15 A. Calculated: L = 427 uH, selected: L = 600 uH.

The value of C can be calculated from Eq. (6):

C ≥ 52

4π2Lf 2s
(6)

Calculated: C = 10.55 uF, selected: C = 10 uF.

4 Current Sharing Design

Three phase work in parallel must require consideration of current imbalance. Each
phase will cause current imbalance due to different device parameters and distribution
parameters. Interleaving makes IGBT opening inconsistent, which is also the factor
leading to current imbalance.

4.1 Current Sharing Method

The current sharing method includes the average current method: the three-phase output
current is sampled in real time, calculate the average. The sampling circuit of each
phase calculates a difference with the average. The difference directly compensates the
PI output and changes the PWM directly. Of course, the loop uses one PI, that is, the
feedback current is the sum of the three-phase currents:

Another method is PI regulation method: each phase current uses one PI regulator.
Thismethod is only applicable to current loop or current loop existed.Control is complex.
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Fig. 6. Current sharing method

This system adopts one PI and adopts the average current method (Fig. 6).
iA, iB, iC is the sample value of three-phase current, iAVG is the average current.

iAVG = 1

3
× (iA + iB + iC) (7)

iA_f = iA − iAVG (8)

The voltage control equation can be obtained:

u′
PI = uPI − iA_f /iAN (9)

u′
PI is the PI control value after current sharing; uPI is the PI control value, a normalized
value, and the value range is

[−1 1
]
; iAN is the maximum current of phase A, that is,

the phase current value when the duty cycle is 1, that is, iA_f /iAN is the normalized
value exceeding the average current, and uPI subtracting it to obtain the PI control value
after current sharing u′

PI . The current sharing value is directly subtracted from the PWM
control value to achieve the current sharing effect. Since the current-sharing value is the
current value, this method is more suitable for the current loop control.

This process is completely digital, especially suitable for digital control.
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4.2 Sampling Time Point

Notice, the waveform of the inductor current is as follows:
It can be seen that the waveform of the inductor current is a DC current superimposed

triangular wave. During a switching cycle, the current first rises and then falls.

di

dt
= u

L
(10)

The rate of rise and fall of the inductor current is inversely proportional to the
inductance value and proportional to the voltage. In the interleaved parallel system, in
order to reduce the volume, the inductance is relatively small, so the current slope is
higher, but the current sampling value will have a large difference in different sampling
time point. If the sampling of phase A is fixed in one position, then phase A will be
sampled at the same position every sampling cycle, which is not a big problem, but the
sampling of phase B and C is also sampled at this position, then the three-phase current
will have a big difference, and the higher the load, the greater the difference. Appropriate
sampling points must be set for phases B and C.

The first method: use three identical ADs, all started with their own PWM. For
example triple ADC mode of the STM32F407.

The second method: Set the appropriate AD conversion time, which is the same as
the time of the carrier phase shift, and the sampling time of the three currents is exactly
the time of the phase shift.

This system adopts the first method, which uses triple AD, which is set to start AD
in respective PWM.

5 Equivalent Inductance Calculation

Themost important function of the interleaved parallel is to reduce the inductor value and
the inductor volume. To calculate the inductance, the first step is to use the continuous
current inductance formula to calculate the minimum inductance that makes the inductor
current continuous. On the other hand, the value of the inductance is determined from
the current ripple analysis.

According to the calculation formula of BUCK circuit inductance:

L = Vo

2rIo
DTs (11)

D is the duty cycle and Ts is the switching cycle. (usually current coefficient r =
0.4), and then input the parameters of this system.

Krising = Vs−Vo
L is the rising slope of the inductor current, the falling slope of the

inductor: Kfalling = −Vo
L

.
Taking the case of critical continuity of single-phase inductive current as an example,

The conclusion is also applicable to the case of continuous inductive current. As shown
in Fig. 7, the blue line is the synthesis of three-phase inductive current, and the ripple
is greatly reduced. Add a coordinate system to Fig. 8, and mark points such as A, B, C,
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Fig. 7. Inductor current waveform
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Fig. 8. Schematic diagram of inductive current at critical continuity

D, E, Q, M, N and P in the figure, MN is the current ripple after interleaving in parallel,
and the ripple in single-phase is BQ.

The horizontal axis is time, OE is a switching cycle Ts, the time of point A is 1
3Ts

and the time of point C is DTs + 1
3Ts.

The vertical axis is current. According to the rise rate of the inductive current, it can
be concluded that the current value at point Q is Vs−Vo

L DTs, and so the current value at
point M is Vs−Vo

L DTs too.
Then write the expression of QE line segment and AP line segment with two-point

formula, calculate the intersection N, and then calculate the length of MN to obtain the
ripple after interleaving and combining.
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5.1 Analysis of Inductance Current Ripple in Parallel Only

When the inductive current is critical continuous and continuous, the inductive current
ripple when only parallel connection without interleaving is QB:

�IL(parallel) = Vo

L
(1 − D)Ts = Vs

L
D(1 − D)Ts (12)

When the three phases are connected in parallel, the ripple of the inductance current
is added because it is in the same phase. Then the three inductors are equivalent to
parallel connection.

Calculate the output voltage ripple:

�uc = 1

C

∫ t2

t1
idt

= 1

C
× Imax − Imin

2
× (t2 − t1) × 1

2
= 1

8

�IL
C

Ts (13)

Among them, �IL is the ripple of the inductance current. It can be seen that a large
inductance current will cause a large ripple of the output voltage.

5.2 Inductance Current in Interleaved Parallel Connection

According to the falling slope of inductive current Kfalling = −Vo
L and point E (Ts, 0),

the expression of line QE is obtained:

it1(falling)(t) = −Vo

L
t + Vo

L
Ts (14)

According to According to the rising slope of inductance current Krising = Vs−Vo
L

and point A(13Ts, 0), the expression of line AP is obtained:

it2(rising)(t) = Vs − Vo

L
t + Vs − Vo

L

Ts
3

(15)

Let it1(falling)(t) = it2(rising)(t), get the time at N: t = 1
3 (2D + 1)Ts.

Substituting into Eq. (14), we can get:

iN = Vo

L
(
2(1 − D)

3
)Ts (16)

The current at M:

iM = Vs − Vo

L
DTs = Vo(1 − D)

L
DTs (17)

Then the inductance current ripple after interleaving:

�IL(interleaving) = iM − iN = Vs

L
D(

1

3
(1 − D))Ts (18)
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Compare with Eq. (12) to obtain the ripple ratio:

�IL(interleaving)/�IL(parallel) = 1

3
(19)

In other words, the ripple current of inductance after interleaving is 1/3 of that of
direct parallel, which is a universal conclusion.

5.3 Check the Inductance Value and Ripple

1. Calculation of inductance value in direct parallel connection:

L = 270

2 × 0.4 × 12.3
0.5 × 0.0001 = 0.0014H (20)

It has exceeded the design inductance at the grid side of 600 uH.

2. Calculation of inductance value in interleaved parallel connection:
L = 270

2×0.4×12.30.5 × 0.0001/3 = 457µH It is just 600 uH less than the design
inductance at the grid side. Conditions are met.

6 Control Loop Design

The front part is controlled by rectifier and inverter, using traditional methods. The
control loop of the rear part is mainly designed here.

6.1 Charging BUCK Current Loop

In charging mode, the rear part is a buck circuit, because charging is the current charging
object, and the control loop is designed as a single loop current loop (Fig. 9).

Kp + KI
s is the PI equivalent model.

Fig. 9. Charging buck current loop
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Fig. 10. Discharge BOOST voltage loop

Fig. 11. Charging buck parallel simulation circuit

6.2 Discharge BOOST Voltage Loop

In discharging mode, the rear part is a boost circuit, the control target is the intermediate
DC voltage, and the control loop is designed as a single loop voltage loop (Fig. 10).

7 Simulation and Run Effect

According to the designed system structure and parameters, simulation verification is
carried out. The feasibility of interleaved parallel is verified and compared with the
method of direct parallel, i.e. no interleaved.

7.1 Simulation of Interleaved Parallel Charging Buck

First of all, simulation operation of charging mode when direct parallel in for the rear
part, which is the buck circuit at this time. In order to verify the function, use open-loop
simulation method, inputs 540 V DC voltage and outputs 270 V battery voltage, so the
duty cycle is 50%. The simulation circuit is as in Fig. 11.
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Fig. 12. Current waveform of direct parallel three-phase inductance

Fig. 13. Direct parallel output voltage waveform

The simulation results are shown in Fig. 12 and Fig. 13. The three-phase inductance
current is a triangular wave in the same phase, which is consistent with the theoretical
derivation.

It can be seen from Fig. 13 that the inductance current has a large ripple, the ripple
reaches 25 A, and the total output current is 12.5 A in one phase. The peak value of
ripple current reaches 2 times of the total output current because the inductance at the AC
side is small in one phase. It can be seen from Fig. 14 that the output voltage fluctuates
greatly, reaching as much as 30 V, accounting for 11% of the rated output voltage of
270 V, which seriously exceeds the standard. This is also because the inductance and
capacitance at the AC side are too small and the filtering effect is poor.
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Fig. 14. Inductance current waveform of interleaved three-phase

Fig. 15. Output voltage waveform of interleaved three-phase

The second step is to simulate the same circuit with interleaved parallel connection.
Only the generated triangular waves are interleaved in parallel. Operation results are
shown in Fig. 15 and Fig. 16.

It can be seen from Fig. 15 that the inductance current of each phase still fluctuates
greatly, reaching 25 A, which is the same as that of non interleaved. This is also because
the inductance of each phase is small, because the circuit structure and circuit parameters
of each phase have not changed. However, it can be seen from Fig. 16 that the output
voltage has been greatly improved. Note that since the output load is a pure resistance,
the output current is also the same as that in Fig. 16. The fluctuation is very small, and
only <2 v is read from the figure, which fully conforms to the index. This is the effect
of interleaved complementarity. The specific process is fully described in Sect. 5.
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Fig. 16. Discharge BOOST parallel simulation circuit

Fig. 17. Boost direct parallel three-phase inductance current waveform

7.2 Simulation of Interleaved Parallel Connection of Discharge BOOST

First, the simulation operation of non interleaved parallel connection in discharge mode
is carried out for the rear part. At this time, the rear part is BOOST circuit. To verify the
function, use open-loop simulation, the input is 270 V of the battery in rightmost, and
the output is DC voltage. The target is 600 V, so the duty cycle is set to: d = 1 − Vi/Vo
= 55%. The simulation circuit is as in Figs. 16, 17, 18, 19 and 20.

From Fig. 18, 19, and 20, it can be seen that the situation is similar to that of BUCK,
and the inductance current fluctuation is the same, but after interleaving, the output
voltage fluctuation is very small, meeting the design index.
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Fig. 18. Boost direct parallel output voltage waveform

Fig. 19. Boost interleaved three-phase inductance current waveform

7.3 Interleaved Parallel Current Sharing Simulation

On the basis of Fig. 11, the equivalent series resistance value on the inductance is
modified, and the three phases are set to 0.01, 0.008 and 0.001 respectively. The simu-
lation results show that the following waveforms are obtained. The inductance current
is obviously unbalanced, and the unbalance degree reaches 25%.

According to the current sharing method shown in Fig. 21, the following inductance
current waveforms are obtained through simulation under 20% load and 100% load
(Figs. 22 and 23).
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Fig. 20. Boost interleaved three-phase output voltage waveform

Fig. 21. Three phase inductance current unbalance

It can be seen that the current consistency is particularly good after current sharing.
Through the current sharing algorithm, the current consistency is less than 1% at 20%
load and less than 0.5% at 100% load. The current sharing effect is very good.

7.4 Field Deployment of Energy Storage Power Supply

The energy storage power supply based on interleaved parallel technology has been
applied in oil field and deployed in multiple drilling crews (Fig. 24).
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Fig. 22. Three phase inductance current in 20% load current sharing

Fig. 23. Three phase inductance current after 100% load current sharing

The generator and the energy storage power supply are installed side by side. The
generator is connected to the energy storage power supply through 380 V power cable.
The energy storage power supply leads a 380 V power cable to the user’s container house
to supply power to the house.

Figure 25 is the internal diagram of the energy storage power supply module. In
the box is the power module with 10kW configuration. The upper and lower boards are
the same. On the board are all the power units: switches, inductors and capacitors. Two
boards can be used in common.
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Fig. 24. Figure of energy storage power supplies

Fig. 25. Power module

8 Conclusion

It is suitable for oil field energy storage, and is designed into a consistent interchangeable
circuit between the grid side and the battery side. The battery side uses the interleavedpar-
allel algorithm, whichmakes the charging circuit meet the index requirements and solves
the current sharing problem. PI parameters are designed by using current loop charge
and discharge to achieve good response and charging efficiency. Through simulation and
practical application, good operation results are obtained.
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